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ABSTRACT
The objective of this dissertation was to investigate 
the small-scale spatial and abundance patterns of meiofauna 
and their relationship with sediment microtopography and 
hydrodynamics. Meiofauna are known to be aggregated at 
small spatial scales. A study was first undertaken to 
determine, how patchiness differed over seasons and 
habitats. Significant small-scale aggregations were 
remarkably consistent across different seasons and habitats 
for all abundant copepods of an intertidal mudflat. Spatial 
autocorrelation analysis showed that the abundance of 
copepods was autocorrelated at short distances (cm scale) on 
all sample collecting dates, indicating a consistent spatial 
pattern. Small-scale variation contributed heavily to the 
components of variance among the three different spatial 
scales studied.
Direct comparisons between sediment microtopography 
(depressions), using image analysis of photographs, and the 
distribution of meiofauna, as determined by coring of the 
area photographed, were undertaken. Copepods were twice as 
abundant in depressions compared to non-depression areas. 
Microtopographic features were very dynamic with longevities 
were < 24 hr, implying that aggregations of copepods were 
also dynamic with a similar longevity.
iv
Increased meiofaunal abundances in depressions could be 
due to active selection associated with meiofaunal behavior 
or, alternatively, passive settlement driven by hydrodynamic 
forces. A flume colonization study indicated that active 
selection of epibenthic copepods for preferred sediment 
played a major role in copepod settlement at a low flow, but 
at a high velocity, passive process (hydrodynamic effects) 
overwhelmed active selection. In a field study, 
colonization of epibenthic copepods into depressions was 
rapid compared to non-depressions and was determined by 
depression aspect-ratio, suggesting passive settlement into 
depressions. However, meiobenthic burrowers such as 
nematodes displayed a radically different pattern. The 
density of nematodes in depressions depended mainly on 
depression circumference : area ratio as well as the 
distance between the depression and ambient sediment. A 
model is proposed for the two different responses.
Settlement of epibenthic copepods into the depressions is 
mainly through a water-column transport; burrowers colonized 
mainly through an bed-load transport which may involve both 
passive and active processes.
v
CHAPTER 1
GENERAL INTRODUCTION
1
2Benthic meiofauna are among the most important 
invertebrate groups in estuarine and marine communities.
They are abundant (often with densities of 20 X 106-m'2 and 
biomasses from 1 to 2 g^m"2, (Coull & Bell, 1983) and are 
significant as food resources for juvenile and adult fish, 
shrimp, and shellfish (Gee, 1989). Meiofauna provide the 
chief energy source to many fish during a "critical period" 
in early life history (Alheit & Scheibel, 1982). They also 
function in key roles to stimulate microbial activity (Kemp, 
1990), as decomposers (Findlay & Tenore, 1982), and as 
competitor/predators with juvenile stages of macrofauna 
(Watzin, 1983; 1986)
The small size of meiofauna (< 1 mm body length) 
precludes investigations that require the observation and 
manipulation of individuals in sediments. Nevertheless, 
small size is an advantage in benthic research in that 
manageable samples with many individuals can be easily 
obtained to provide detailed information on spatial 
distribution. Spatial pattern is therefore frequently used 
to elucidate the relationships between meiofauna and its 
environment. Organism-habitat interactions, e.g., the 
relationship between sediment topography and spatial 
distribution (Hogue & Miller, 1981), physical structure 
effects (Eckman & Thistle, 1988), and sediment disturbance 
(Hogue, 1982) as well as inter-organism relationships such
as with food resources (Decho & Fleeger, 1988) and the 
importance of size-structure (Kern & Bell, 1984a) have been 
examined successfully by observing spatial patterns in 
meiofaunal abundance. Additionally, an understanding of 
spatial distribution is necessary to obtain reliable 
population estimates and to minimize sample size and 
processing time for meiofauna (Fleeger et a_l., 1988).
The distribution of meiofauna also has great importance 
to the trophic relationship between meiofauna and their 
predators such as many juvenile fish. It has been shown 
that at least one juvenile fish is able to distinguish 
meiofaunal patchiness and feed selectively in areas of 
higher prey density (McCall & Fleeger, submitted). Fish 
generally achieved greater feeding success when food was 
aggregated than when food was uniformly distributed (Ivlev, 
1961).
Meiofauna have been shown to be aggregated at a variety 
of spatial scales. Small-scale patchiness (cm scale) is 
routinely detected but meso-scale variability (m scale) has 
also been noted. Small-scale patchiness has been found in 
such a wide variety of habitats, e.g., intertidal mud and 
sand (Nixon, 1976; Findlay, 1981; Findlay, 1982; Hicks,
1984; Sandulli, 1985), subtidal (Hogue, 1982), marsh (Decho 
& Fleeger, 1988; Fleeger et al. , 1990) and deep-sea (1196), 
that it is almost universally accepted for meiofauna 
(Fleeger & Decho, 1987) . Fleeger et al,. (1990) found that
4small-scale patchiness is independent of tidal stage and 
flow conditions. Meso-scale variability has been studied 
much less frequently (Phillips & Fleeger, 1985), but can 
also be a source of sampling error. The first chapter of 
this dissertation concerned the temporal and spatial 
dispersion of meiofauna and was published in Marine Ecology 
Progress Series (Sun & Fleeger, 1991).
Benthic ecologists have long sought the cause of 
meiofaunal aggregation. Several factors are known or 
suspected to cause microscale variation. They include 
hydrodynamics, food, predation, reproduction, competition, 
biogenic structure and topography (Fleeger & Decho, 1987). 
Until recently, meiofauna were thought to be morphologically 
and behaviorally limited in their dispersal ability 
(Sterrer, 1973; Gerlach, 1977). However, recent work 
indicated that movement by adults and juveniles through the 
water column (either actively or passively) was very 
important to meiofaunal dispersal (Hagerman & Rieger, 1981; 
Chandler & Fleeger, 1983; Palmer & Gust, 1985). Meiofaunal 
distribution pattern may heavily depend on the process of 
resettlement or recolonization of meiofauna from the water 
column. Therefore, factors that determine where individuals 
settle, and how they adjust their locations after settlement 
may prove critical to understanding patchiness (Palmer,
1988a).
5There is ample evidence that sediment topographic 
features contributed greatly to meiofaunal spatial 
distribution (Sandulli, 1985). Hicks (1984) showed that the 
density of the harpacticoid Parastenhelia meqarostrum in 
ripple troughs was significantly higher than on adjacent 
crests. Savidge & Taghon (1988) found meiofauna to be more 
abundant in mimic pits than non-pits upon colonization of 
azoic sand. Depatra and Levin (1989) found that burrows 
contained higher densities of total meiofauna than ambient 
marsh sediments. Sediment topography significantly affect 
meiofauna distribution by their interactions with 
hydrodynamic regime. Sediment topography, such as 
depressions, reduces erosion or increases deposition of 
settling organisms from water column by decreasing shear 
stress (Eckman, 1983). In addition, sediment topographic 
features such as burrows and depressions may provide 
protection, such as from temperature extremes (Powers and 
Cole, 1976), or additional food resources (Sandulli, 1985) 
or generally more favorable microhabitats (DePatra & Levin, 
1989) .
Sediment topographic features are created by variety of 
physical or biological processes. Some regular topographic 
features such as burrows, pits, and fecal mounds are formed 
by biological activities, due to, for example, macrofaunal 
burrowing and feeding (Aller & Yingst, 1978; Reidenauer &
6Thistle, 1981; Nowell & Fauchald, 1984). However, in most 
cases, the sediment surface consists of many irregular and 
unidentifiable topographic features such as irregular 
depressions and mounds (Decho & Fleeger, 1988). These 
topographic features result from combination of biological 
activities and physical regimes. They are highly variable 
in size and shape. Usually, it is difficult to describe and 
identify microtopography by traditional methodology. Few 
studies have focused on these irregular topographic features 
and their influence on the distribution of meiofauna. My 
second chapter examined these irregular topographic features 
and investigated their association with meiofaunal 
distribution by using image analysis of photographs taken on 
an intertidal mudflat, and subsequent coring of the area 
photographed. The manuscript was accepted by Journal of 
Experimental Marine Biology and Ecology and is currently in 
press.
Settlement of meiofauna has been suggested to relate to 
two processes: passive deposition and active selection. 
Passive deposition is controlled by the hydrodynamic regime. 
On the other hand, active selection is a result of 
behavioral response. For many years, a major issue about 
meiofaunal (especially meiobenthic copepods) dispersal has 
been the relative importance of passive and active processes 
in either water column entry or settlement processes. This
issue was also been extensively studied in macrofaunal 
larvae (Butman, 1986). Studies have suggested that the 
dispersal and settlement of meiofauna was determined either 
by mainly passive (hydrodynamically controlled) processes 
(Eckman, 1979; DePatra & Levin, 1989) or by both active and 
passive aspects (Kern & Taghon, 1986; Savidge & Taghon,
1988; Kern, 1990). Passive water entry from sediment by 
water flow was suggested to predominate over active behavior 
in high energy and unvegetated habitats, while active 
swimming from sediment was important in low flow and 
vegetated areas (Palmer, 1988a).
Larvae of benthic macrofauna have shown a much stronger 
selectivity in no-flow than under flowing conditions (Butman 
et al., 1988). Analogous inference could be applied to 
settlement processes in meiofauna which are similarly 
limited in their swimming abilities due to body size 
constraints. When flow is present, meiofauna must overcome 
shear velocity in order to cross the sediment surface to 
select a favorable microhabitat. Limited swimming abilities 
may prevent such selection at high flow velocity or in a 
high energy habitat. Under low-flow conditions, their 
swimming abilities may be strong enough to overcome the 
shear velocity and cross the boundary layer for active 
selections.
The third chapter of this dissertation describes a 
study designed to separate passive and active settlement 
processes for meiofauna. Both uncontrolled and variable 
hydrodynamic conditions in the field make it difficult to 
separate the two ways of settlement. Fortunately, the 
laboratory flume provide many advantages to perform such 
studies. In a laboratory flume, hydrodynamic conditions 
such as velocity can be easily controlled at a very fine 
scale and velocity can be empirically determined. Other 
biological and physical factors such as temperature, light, 
density can be manipulated.
Meiofauna consists of many different taxonomic groups, 
species and different functional groups including burrowers, 
tube-dwellers, and epibenthos (Hicks & Coull, 1983; Coull, 
1987; Chandler & Fleeger, 1984; 1987). Each may respond to 
hydrodynamic regime and sediment topography differently. 
Palmer (1988a) suggested that different taxonomic groups 
responded differently to water-column entry. Epibenthic 
copepods typically reside in the uppermost sediment layers 
and many are good swimmers (Hauspie & Polk, 1973; Fleeger, 
1980). This group of copepods is most commonly found in the 
water column (Sibert, 1981). Other groups of meiofauna, 
like burrowers (almost all nematodes) and tube-dwellers 
(some harpacticoid copepods), live deeper in sediment, and 
rarely enter the water column (Bell & Sherman, 1980). 
Different functional groups could react differently to the
interaction of hydrodynamics and sediment topography. The 
third chapter of this dissertation also describes a field 
study that tests for differential colonizing abilities of 
different functional groups of meiofauna. The three 
chapters together describe how depressions interact with 
hydrodynamics to determine the abundance and distribution of 
meiofauna in a microtopographically complex mudflat.
CHAPTER 2
SPATIAL AND TEMPORAL PATTERNS OF DISPERSION 
IN MEIOBENTHIC COPEPODS
10
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INTRODUCTION
The small size of meiofauna (< 1 mm body length) 
precludes investigations that require the observation and 
manipulation of individuals in sediments. Nevertheless, 
small size is an advantage in benthic research in that 
manageable samples with many individuals can be easily 
obtained to provide detailed information on spatial 
distribution. Spatial pattern is therefore frequently used 
to elucidate the relationships between meiofauna and their 
environment. Organism-habitat interactions, e.g., the 
relationship between sediment topography and spatial 
distribution (Hogue and Miller, 1981), physical structure 
effects (Eckman and Thistle, 1988), and sediment disturbance 
(Hogue, 1982) as well as inter-organism relationship such as 
with food resources (Decho and Fleeger, 1988) and the 
importance of size-structure (Kern and Bell, 1984) have been 
examined successfully by observing spatial patterns in 
meiofaunal abundance. Additionally, an understanding of 
spatial distribution is necessary to obtain reliable 
population estimates and to minimize sample size and 
processing time for meiofauna (Fleeger et al., 1988).
Meiofauna have been shown to be aggregated at a variety 
of spatial scales. Small-scale patchiness (cm scale) is 
routinely detected but meso-scale variability (m scale) has 
also been noted. Small-scale patchiness has been found in 
such a wide variety of habitats, e.g., intertidal mud and
sand (Nixon, 1976; Findlay, 1981; Findlay, 1982; Hogue and 
Miller, 1981; Hicks, 1984), subtidal (Hogue, 1982), marsh 
(Decho and Fleeger, 1988; Fleeger et al., 1990) and deep-sea 
(Eckman and Thistle, 1988), that it is almost universally 
accepted for meiofauna (Fleeger and Decho, 1987). Meso- 
scale variability has been studied much less frequently 
(Phillips and Fleeger, 1985), but can also be a source of 
sampling error. Kern and Bell (1984) suggest that sampling 
effort routinely be widened to include several m2 surface 
area to reduce this source of variation.
Unfortunately, most measurements of patchiness are 
done only once or twice in a relatively small area (less 
than 1 m2), and it is not clear whether the scale of 
patchiness remains constant over time and space. 
Understanding how dispersion changes through time and space 
may provide very useful information in establishing the 
relationship between environmental factors and meiofauna 
distribution. For example, if the scale patchiness does not 
vary over seasons, factors that are responsible may be those 
that act continually (e.g. behavior or sediment topography), 
rather than those factors that have a strong seasonal 
variation (such as temperature or salinity). By using 
contiguous cores and autocorrelation analysis, Fleeger et 
al. (1990) found that the aggregation intensity of 
harpacticoid copepods did not change through a tidal cycle 
although the densities of some species significantly
14
differed. However, it is still unclear if the small-scale 
distribution of meiofauna remains constant through much 
longer times (e.g., seasonally) or throughout larger (meso- 
scale) areas.
The purpose of this study was to address the following 
questions: 1) are small-scale aggregations of harpacticoid 
copepods consistent among sampling dates and sites 
throughout a locale?, 2) is the scale of variability a 
function of small-scale or meso-scale patchiness?, 3) what 
is the patch size of aggregations?, and 4) is aggregation 
intensity a function of population density?
METHODS AND MATERIALS
SITE
The study area, located in Terrebonne Parish, near 
Cocodrie, Louisiana (29°15'N; 91°21'W), is characterized as 
a salt marsh dominated by the cordgrass Spartina 
alterniflora. The two study sites, a small pond (SP) and a 
mudflat (MF), have been well described physically and 
biologically with a considerable ecological baseline on the 
meiofaunal assemblage (Chandler and Fleeger, 1983; Phillips 
and Fleeger, 1985; Decho and Fleeger, 1988). Water movement 
is largely wind-dominated with small diurnal tidal 
amplitudes (0.3 m) and wide salinity fluctuations (2-2 6 
ppt) .
The two sampling sites represent different habitats.
The SP site (25 X 15 m) is a protected, shallow enclosure 
(0.5 m in depth) with a narrow channel visible along one 
side of the pond at low tide. The site has no large 
structures (macrofauna tubes or grass clumps) that protrude 
from the bed, but small-scale (cm) irregularities are 
prevalent. Sediments are largely silt-clay with no apparent 
large-scale gradients. The mudflat site (20 X 4 m) is an 
intertidal area between the S. alterniflora marsh and a 
frequently travelled bayou and is commonly exposed to 
disturbances such as boat waves. Sediments are muddy but 
slightly sandier than the pond.
SAMPLING
Two sampling strategies were used in this study.
First, small contiguous core samples were taken to determine 
the patch size and spatial and temporal variation in 
aggregation intensity. Secondly, samples from three 
different spatial scales (decameter, meter and centimeter) 
of randomly chosen locations in the SP site were collected 
to determine the spatial scale of distribution using 
analysis of variance techniques.
For contiguous core sampling, harpacticoid copepods 
were collected on four dates, 21 January 1989, 18 March 
1989, 15 July 1989 and 13 January 1990, when sediment was 
air exposed at both sites. At each site, three replicate 
sampling arrays were taken over a small distance (less than
1-2 m2) during each collection. The sampling units were 
constructed from 2.5 ml syringes (8 mm in inner diameter) 
with both ends cut off, and were glued together to form a 
single array (Fleeger et al., 1990). The distance between 
the center of two adjoining corers in the contiguous grid 
was 10.5 mm. During the first two sampling dates, the 
sampling array consisted of 25 corers (5 X 5) with a total 
surface area of 28 cm2. For the last two collections, 15 
corers were added to increase the size of the original 
sampling unit to a 5 X 8 array (45 cm2) . Sampling units 
were always carefully pushed into the sediment to a depth of 
at least 2 cm. After removal from the sediment, each 
sampling unit was immediately pushed into thinly rolled 
modelling clay to hold sediment into the corers before 
returning to the Louisiana University Marine Consortium's 
(LUMCON) laboratory (about one km from the sampling sites). 
Cores were numbered by row and column to denote spatial 
coordinates, and sediment was extruded into an individually 
labelled vial, fixed with 5% formaldehyde and stained with 
Rose Bengal.
For the spatial variation study, harpacticoid copepods 
were collected on two occasions on 18 March 1989 in the SP 
site. Three sampling scales (decameters, meters and 
centimeters) were assigned in the pond (Fig. 2.1). At the 
decameter scale, three 5 m long transects were positioned 
randomly and parallel to the small creek. Transects were
5m
Fig. 2.1. Positions of three transects and sampling units for the 
scale of variability sampling in the small pond (SP) site, ■ : first 
sampling time; * : second sampling time.
fixed and sampled on both occasions. The distance between 
the ends of transect A and B was 7 m and between B and C, 5 
m. Along each transect, at the meter scale, three sample 
units locations (10 X 10 cm in size) were randomly assigned 
at each sampling time. Within each sample location, at the 
centimeter scale, four cores were taken by modified syringes 
(26.5 mm diameter) with the same distance (approximately 3 
cm) between neighboring cores. Water (about 10 cm in depth) 
covered the sampling area during both collecting times. The 
upper 2 cm of sediment of each core was removed to an 
individually labeled jar and treated with formaldehyde and 
Rose Bengal.
In the laboratory, all the samples were treated by 
sonication and sieving. Samples from the spatial- 
variability collections were extracted using density 
gradient centrifugation with Ludox (Fleeger and Chandler, 
1983). Harpacticoid copepods retained on a 63 /im sieve were 
enumerated and identified to species.
DATA ANALYSIS
Autocorrelation analyses were conducted to detect 
distributional pattern and patch size of harpacticoid 
copepods based on Moran's spatial autocorrelation 
coefficient I (Sokal, 1979; Cliff et al., 1900). This 
technique has been applied frequently to biological systems 
including the marine benthos (Thistle, 1978; Hogue and 
Miller, 1981; Jumars and Eckman, 1983; Decho and Fleeger,
1988; Fleeger et al., 1990). Spatial autocorrelation exists 
if the observed value of the variable at one locality is 
dependent on the value at neighboring localities (Sokal and 
Oden, 1978). In other words, positive autocorrelation means 
that high values of the variable at one locality are 
associated with high values in neighboring localities. If 
high and low values alternate, autocorrelation is negative. 
Spatial correlograms describe the relationship between 
spatial autocorrelation coefficients and geographic 
distance, and patch size corresponds to the distance at 
which the correlogram first turns zero or negative (Sokal 
and Thomson, 1987; Sokal, 1983). In this study, the first 
distance class contained only adjacent cores and the second 
distance class included only cores in a diagonal position. 
The subsequent classes were more arbitrary but provided a 
uniform sample size in each class. The distance assigned to 
each distance class was the class mean distance. I values 
were transformed to Z variate (standard normal variate) in 
order to more easily judge significance levels. Variance- 
to-mean ratio (s2/x) was also calculated on each replicate 
as an index of dispersion to compare to the autocorrelation 
results (Elliott, 1977).
A three-way ANOVA was employed to test the effects of 
collection date, transect and species in the spatial 
variability analysis. For each dominant species, a two-way 
ANOVA was used to estimate differences between levels and
20
the variance contribution of the three spatial scales. All 
data for ANOVA were transformed by loge(x+l).
RESULTS
SMALL-SCALE PATTERN
Harpacticoid copepod species were designated "abundant" 
if more than 18 or 25 individuals appeared in a replicate 
sampling array on the first two or last two collecting dates 
respectively. Five species were found to be abundant and 
were included in further data calculations from contiguous 
cores. Other harpacticoids were judged to be too rare to 
warrant statistical analysis. Abundance patterns for these 
five species demonstrated remarkable temporal changes among 
sample collections (Fig. 2.2). Scottolana canadensis 
(Willey) was the most abundant among the five species with 
peak values appearing in summer. Pseudostenhelia wellsi 
Coull and Fleeger was also very abundant in the summer but 
more abundant at the SP site than the MF site. Nannopus 
palustris was only abundant in the spring at the MF site. 
Although Microarthridion cf littorale and Cletocamptus 
deitersi (Richard) did not have extreme peak densities, both 
species displayed large changes in abundance between 
collections.
Autocorrelation correlograms illustrate a consistent 
pattern of non-random distributions for all five abundant 
species (Tables 2.1 & 2.2). Of sixty-six species and
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Fig. 2.2. Seasonal changes of abundance for five 
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pond, MF = mudflat.
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Table 2.1. Spatial autocorrelation (Moran's autocorrelation 
coefficient I, sampling array 5X5) and variance to mean 
ratio (s2/x) for the 5 dominant species on January 2 (A) and 
March 18 (B). + : significant positive correlation; - : 
significant negative correlation. Rep.: replicate no.
Date Site Rep . s2/x o•rH 1.4
Mid-point (cm) 
2.0 2.2 2.9 3.2 3.7 4.2 5.1
P. wellsi
A SP 1 1. 66* + *
2 1.77* + ** — **
3 1.57*
MF 1 1.24 + *
B SP 2 1.77** — «*
3 0. 94 + *• •— *
M. cf littorale
A SP 1 2 .30** + ** —  *
2 1. 13 + * +*
3 2.03** — *o
MF 1 1.30
2 0.91 4-*
B SP 3 3 . 14**
MF 3 1. 14 +• — *
S. canadensis
A SP 1 2.26** +••*
2 1.21 +*
3 1.74* +♦*
MF 1 1. 60* +• v *
B SP 1 1. 52* +• +**
2 1. 99** +••• +•
3 2 . 28** — *
2 1. 14
3 3 . 37** +** +* — * —**
N. palustris
A MF 1 1.50
2 3 .46** +*
3 2 . 58**
B MF 1 2.90** -}-*** — « +*
2 3 . 08** +*
3 4.58** +* +**
C. deitersi
A SP 3 0. 77 +•
MF 1 1. 53* +*
2 1. 07 +•* —  * —  *
B MF 1 1.39
2 1. 04
3 1.38 +•*
Moran's I —  *: 0.01<P<0.05; **: 0.001<P<0.01; ***: P<0.001 
s2/x —  *: 0.01<P<0.05; **: P<0.01
replicate combinations only one (S. canadensis. March 18,
MF, replicate 2) showed no significant positive or negative 
autocorrelation at any distance. Sixty-four (97% of total) 
species and replicate combinations had pronounced and 
significant positive correlation at the 1 to 2.2 cm midpoint 
distance. Among them, most showed highly significant 
autocorrelation (P < 0.01). Correlograms typically showed a 
similar pattern at low-order (short distance) scales; 
specifically, a highly significant positive autocorrelation 
was present at the first or second distance, coupled with a 
quick drop to non-significance at the following distance 
(examples are shown in Fig. 2.3; Tables 2.1 & 2.2). At 
high-order (longer distance) scales, two types of patterns 
were detected. The first pattern was marked by irregular 
fluctuation of non-significant or significant points around 
zero after the first two or three distances (Fig. 2.3A, B ) . 
The surface density map indicated that this pattern was the 
result of a distribution with several small patches 
irregularly located within the array (see example in Fig. 
2.4A, B ) . The secondary pattern showed a regular and 
continuous trend from significant positive to negative 
values (Fig. 2.3C, D ) . Replicates which had such pattern 
displayed one or two larger patches (Fig. 2.4C, D ) . The 
majority of replicates (85%) belonged to the first pattern, 
and secondary pattern occasionally occurred in all abundant 
species.
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Table 2.2. Spatial autocorrelation (Moran's autocorrelation 
coefficient I, sampling array 5x8) and variance to mean 
.ratio (s2/x) for the 4 dominant species on July 15 (C) and 
Jan. 13/(90) (D). + : significant positive correlation;
: significant negative correlation.
Date Rep. 
Site s2/x 1.0 1.. 4 2.0 2 .2 2.9
Mid-point
3.2 3.7 4.2 5.0 5.4 5.9 6.4 6.9 7.3 7.8
P. wellsi
C SP 1 2.14- +  "• +• +• +** -*• —* -* —•*
2 3 .69- + ••• +• ~ •• — » » —. 4*** 4**
3 1.35 +  •"
MF 1 1.44 + •■*
2 0.91 +  •
3 0.73 + ■*•
D SP 1 1.11 + •••
3 1.55-
M. cf littorale
D SP 1 1.15 + • +•
2 1.46- + •"
3 1.42 + ••*
MF 1 1.19
2 1.29 + •" +*•
3 2.02- + ••* + • -- -- ---
S. canadensis
C SP 1 3 .21- + ••• -•
2 2.61" + ••• -* +• +• +*•
3 4.58- + •" +*• -•* —*
MF 1 3 .48- + *
2 2 .34- + ••* + •
3 1.73-
D SP 1 2.18- 4* **• -*
2 2.19" + •» +*•
3 0.95 + •
MF 1 1.49- + •
2 1.97" 4*'* — * — ••• +.
3 2 .43-
C. deitersi
C SP 1 1.67” + •** +*
2 1.36 + •
3 1.06 + « -• 4-*
D SP 1 1.22 + •- + •
2 1.47- + **•
3 0.79 + •** 4-*
Moran' s I ---- — ★ : 0 . 01<P<0.05; * *  : 0.001<P<0.01; * * *  : P<0.001
s2/x ------ * • 0 .01<P<0.05; * *  : P<0.01
Site=M F D a te=Ju ly  15 
P seudostenhelia  w ellsi
Site=SP D ate=Ju ly 15 
P seudostenhelia  w ellsi
- 1
-2
-3
76 81 2 3 54
Site=M F D ate=JuIy 15 
S co  tto/ana canadensis
• o '
- 1
-2
-3
-4
2 6 73 4 5 81
Site=SP D a te -J u ly  15 
• S co  ttolana canadensis
3;:
-1
-2
1 2 3 4 5 6 7 8
M idpoint d istance (cm)
— o -  r e p - 1  R E P -2  — ° “  R E P -3
-1
-2
-3
-4
72 3 6 81 4 5
Midpoint d istance (cm)
- ° - R E P - 1 — °-- R E P -2  —o-*R E P -3
Fig. 2.3. Examples of spatial correlograms of three replicates (here 
only two species £. wellsi and S.. canadensis are listed) ; filled 
circles = significant autocorrelation, empty circles = non­
significant autocorrelation. Y and X axes represent standardized 
autocorrelation value and midpoint distance respectively (see text).
Site -  S P .  D u e  -  July IS. S p -  P. W ellsiSite »  MF. D ite  -  July 15. Sp «  S. e v u J e ru i i Site •  S P . O a e *  July 15. Sp •  S . c n d o n
S I*  •  M F. D«Je -  July 15. Sp *  P. Wellsi
Fig. 2.4. Examples of spatial density maps of three replicates (here 
only two species _P. wellsi and S.. canadensis are listed) .
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Replicate arrays (within the same collection and site) 
were variable for all species. The magnitude of variability 
differed among collections and sites. Occasionally, similar 
curves were found for all three replicate arrays (Fig. 2.3C, 
D ) . In most cases, however, the three replicates were quite 
variable, especially where autocorrelation values fluctuated 
around zero after the first two or three distances (Fig. 
2.3A, B ) .
The results of variance-to-mean ratio tests suggest a 
pattern quite different from the conclusions drawn from 
correlograms (Tables 2.1 & 2.2). Most replicates of S. 
canadensis and N. palustris displayed significant values. 
Significant values were most common when density was high, a 
problem frequently encountered with dispersion indices 
(Jumars and Eckman 1979; Thrush et al. 1989). For example, 
summer samples of species S. canadensis. summer samples of 
P. wellsi at SP and spring samples of N. palustris at MF 
showed highly significant values (P < 0.01). Low density 
replicates only showed weak significance or no significance.
An organisms' distribution pattern can be estimated 
from the correlogram. The patch size corresponds to the 
distance at which the correlogram first turns zero or 
negative in value (Sokal 1983). For the most common type of 
correlogram in this study (Fig. 2.3A, B ) , low order positive 
autocorrelation suggests gradients or patches exceeding the 
diameter of inter-sample distance. The significant positive
autocorrelation at 1 cm midpoint distance means that high 
density of one core corresponds with its adjacent cores. A 
patch size around 1 to 2 cm2 (or less) could explain this 
observation. The positive autocorrelation at distance 1.4 
cm, which is supported by positive autocorrelation at 1 cm 
midpoint distance, indicates an approximate 4 cm2 patch 
size. The five species had basic patch sizes that ranged 
from 1 to 4 cm2 (two to four cores) for most species and 
replicate combinations.
The inference for high-order distance (the distribution 
of "patches" in the sampling array) is dependant on the low- 
order distance correlation and overall pattern exhibited in 
the correlogram (Sokal, 1979). High order positive 
autocorrelation suggests a symmetrical surface or a regular 
arrangement of patches within the array, while high order 
negative value indicates a larger patch size. Haphazard 
fluctuations of a significant point around zero (the most 
common pattern found in this study) only suggest 
irregularity of small patches and contribute little to 
identification of larger patches. For the secondary type of 
correlogram, the high order of significant negative points 
suggested the boundary of the larger patches. The patch 
sizes cover the area, the diameter of which is the distance 
at which correlation turn to significant negative values.
For example, in SP site in the August sample, the 
correlogram for species S. canadensis showed continuous
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decrease from significant positive to negative value at the 
distance 3.2 or 3.7 cm and suggested 8-10 cm2 large patches. 
The surface density map also supported this (Fig. 2.4c). 
Totally, only 12 (18%) species and replicate combination of 
the secondary type showed the larger patch size (6-2 0 
cm2) (Tables 2.1 & 2.2).
The relationship between density and patch size was 
species and site or even replicate specific. The scale of 
patchiness of some species tended to increase in size when 
density increased. At SP site in the summer, P. wellsi and 
S. canadensis were very abundant. The patch size was larger 
for both species though there was an exception for P. wellsi 
(replicate three). Significant positive autocorrelation 
occurred at both 1 and 1.4 cm midpoint distances or larger, 
which suggested that high density not only corresponded to 
adjacent but to diagonal cores as well. The high-order 
negative autocorrelation indicated larger patches around 8- 
19 cm2 (Fig. 2.3C, D & Fig 2.4C, D ) . But at the MF site, S. 
canadensis did not increase patch size though extremely high 
density existed (Fig. 2.3B & Fig. 2.4B). The larger patch 
size and high-order negative autocorrelations were also 
found in lower density replicates, i.e. two replicates of M. 
cf littorale in July in MF site. High density of N. 
palustris in MF samples also failed to yield larger patches.
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SCALE OF VARIABILITY
At the SP site, both collections were under moderate 
flow conditions, one ebbing tide and the other flooding 
tide. Three-way ANOVA for the spatial variation study 
indicated that significant variation in density only 
occurred at the species and sample levels (Table 2.3). Two- 
way ANOVA for each species illustrated that the density 
variations of four dominant species (97% of total 
individuals) were different from each other (Table 2.4). P. 
wellsi and C. deitersi did not show significant difference 
at any level. Significant differences were found among 
samples at the meter scale distances for S. canadensis in 
both sampling times. Significant interaction between 
sampling time and transect for M. cf littorale suggested 
that density changed over collecting time.
Calculation of variance components indicated that the 
subsample scale (cm) explained most of the spatial variation 
for all four species analyzed (Table 2.5). Of the three 
sampling scales, the density difference between cm scales 
contributed from 56.9 to 75.7% of the variance. The 
decameter scale, on the other hand, contributed negligibly 
to variance (0-7.1%). The meter-scale-variance component 
contributed 9.8 to 18.9% of total.
Table 2.3. Three way ANOVA results for the effect of tide, species and 
transect on the density of harpacticoid copepods (data were ln(X+l) 
transformed)
Source of variation DF Sum of 
squares
F-value
Sampling Time (2) 1 0. 05 0.02 ns
Species (3) 2 56.20 23.31 **
Transect (3) 2 2 .78 0.44 ns
Time*Species 2 0.92 0.95 ns
Species*Transect 4 4.82 2.49 ns
Transcet*Time 2 4.87 5.04 ns
Time*Species*Transect 4 1.93 1.26 ns
Rep(Time*Species*Trnsect) 36 13 .86 1.94 **
Error (Subsample) 162 32.25
Total 215 117.70
** --- significant, P<0.01; n s --- not significant.
Table 2.4. F-ratios and levels of significance associated with factors
interaction, sample and subsample in four two-way ANOVAs.
Source of 
variance d. f .
P.
wellsi
S.
canadensis
M.
cf littorale
C.
deitersi
Time 1,2 0.24 0.43 0.23 1.71
Transect (dm) 2 , 2 0. 64 1.61 1.03 1.61
Time*Tran. 2 ,12 1.92 2.04 5.10 * 1.32
Sample(Time*Tran.) (m) 12,54 1.89 2.21 * 1.69 1.82
* : significant at 0.05 level.
Sampling scale: dm — decamenter; m —  meter.
Table 2.5. Percentage variance component associated with factors, interaction,
sample and subsample for four dominant species.
Source of 
variance
P.
wellsi
S.
canadensis
M.
cf littorale
C.
deitersi
Time 0.0 0.0 0.0 0.7
Transect (dm) 0.0 7.1 0.5 4.5
Time*Tran. 10.7 12.1 32.8 3.6
Sample(Time*Tran) (m) 16.5 18.9 9.8 15.5
Subsample(Samp(Time*Tran)) (cm) 72.8 61.9 56.9 75.7
Sampling scale: dm —  decameter; m —  meter; cm —  centimeter.
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DISCUSSION
Results from our sampling regime suggest that 
aggregation at small-spatial scales (cm) is a common and 
striking, yet consistent feature for meiobenthic copepods. 
Significant heterogeneity of spatial pattern at distances of 
1.4 to 2 cm was found for all abundant species in all 
seasons and habitats studied. This level of variation was 
always observed, and even strong diurnal changes associated 
with tidal stage and water cover did not effect the scale of 
aggregation at this study site (Fleeger et al., 1990).
ANOVA results also support the idea that small-scale 
aggregation was prevalent, usually overwhelming even meso- 
scale variation found at the pond site. The high proportion 
(57-76%) of variation associated with the subsample (cm 
scale) level (only 9.8-18.9% associated with the m scale) 
suggests that harpacticoid aggregation in the SP site is due 
mainly to very small-scale features, and that this 
heterogeneous distribution is found throughout the habitat.
Finding significant heterogeneity at small-spatial 
scales (cm) for meiofauna is not novel. Findlay (1981) 
detected aggregation at 3-5 cm2 in estuarine mud and sand 
sediment, Hicks (1979) found 2-12 cm diameter aggregations 
in a estuarine sandflat, Nixon (1976) measured 2.2-5.5 cm 
clumps in high energy beach, Hogue (1982) found aggregations 
at 2-3 cm distances on the continental shelf and Eckman and 
Thistle (1988) detected 2.56 cm2 aggregations in the deep
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sea. Our study confirms that small-scale variability acts 
in a similar fashion throughout habitats and for abundant 
species. Such findings are important in planing studies that 
seek the cause of small-scale patchiness. Tests may be 
conducted over a variety of conditions (i.e., at different 
locations or seasons within a habitat, under different tidal 
conditions or with different taxa) with the assurance that 
patterns will be fundamentally similar.
Our results also suggest that future dispersion 
studies using small numbers of contiguous cores should be 
extensively replicated. The autocorrelation results 
revealed large variations in patch size and density among 
replicates for some collections (see Tables 2.2 & 2.3, and 
Fig 2.4). Different conclusions concerning patch size could 
sometimes be drawn depending upon which replicate was 
observed, and replication is the only way to verify the 
observed scale of aggregation.
Given that small-scale aggregation is a significant 
feature of the biology of meiofauna, it is relevant to ask 
questions about patch size variability and about the 
distribution of patches (Elliott, 1977). The size of our 
basic corer was 0.5 cm2, and the largest sampling array was 
45 cm2. Thus, a patch size less than 0.5 cm2 or larger than 
45 cm2 could not be detected by our procedures. The 
position of each individual for each species must be 
measured (like mapping tree positions) to determine the
smallest patch size. Such techniques are called nearest 
neighbor techniques (Clark and Evans 1954), but, 
unfortunately, cannot be applied to meiofauna because their 
small size and mobility make it impossible to determine the 
position of individuals. For large-scale patchiness, an 
increase in sampling unit area would be required. 
Unfortunately, this leads to a prohibitively large sampling 
effort. Patch size, however, did show two patterns in our 
study, one most common was smaller (1-4 cm2) , while the rare 
one was larger (6-2 0 cm2) . For each abundant species, patch 
size was variable from small to large within the small-scale 
range depending on site, collecting date and even replicate.
Many factors are known to cause heterogeneous small- 
scale distributions (Fleeger and Decho, 1987). Generally, 
biotic influences are thought to play a dominant role 
(Findlay, 1981). Interspecific interactions influence 
distribution (Heip and Engels, 1977; Chandler and Fleeger,
1987), and some harpacticoids actively seek high density 
patches of diatoms (Decho and Castenholz, 1986; Decho and 
Fleeger, 1988). Reproductive activities may cause 
aggregation as individuals seek mating partners. Small- 
scale disturbance caused by fish and macrofauna feeding or 
other activities also affect small-scale patchiness 
(Thistle, 1980). However, microphysical gradients, often 
influenced by biogenic processes (Thistle et al., 1984; 
Fleeger and Gee, 1986; Fleeger and Decho, 1987), can be
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primary effectors depending on local habitat condition 
(Hogue, 1982; Hogue and Miller, 1981; Decho et al., 1985; 
Hicks, 1984).
It is now well-known that harpacticoids disperse either 
actively or passively in large numbers through the water 
column at high tide (Palmer, 1988a). Factors that determine 
where individuals settle and how they adjust their positions 
after settlement may prove critical to understanding 
patchiness (Palmer, 1988a). The previous studies indicate 
that either passive (Eckman, 1983; DePatra and Levin, 1989) 
or both passive and active processes (Kern and Taghon, 1986) 
determine initial settlement. In either one of these 
processes, micro-habitats (small-scale irregularities of 
sediment topography, grass shots and feeding pits) may play 
an very important role in determining spatial distribution 
pattern. Grass shoots (Eckman, 1983), sediment ripple 
crests (Hogue and Miller, 1981) and macrofauna burrows 
(DePatra and Levin, 1989; Branch and Pringle, 1987) have 
been directly or indirectly shown to play a role in small- 
scale spatial distribution regulation.
No above ground structure (such as grass shoots) was 
present at either sampling site, however, there were 
innumerable small-scale irregularities in the sediment- 
surface topography (Decho and Fleeger, 1988). These small- 
scale irregularities may be caused by small fish and shrimp 
or crab feeding or other activities (Sun's personal
observation) . Although xnacrofauna are rare at this site, 
another important cause of irregularities may be the fauna 
itself. Direct evidence of tube-building by P. wellsi 
adding cohesiveness to the sediment microstructure which 
attracts the burrow-dwelling S. canadensis (Chandler and 
Fleeger, 1987) suggests a role of meiofauna in altering 
sediment conditions. These small irregularities may either 
provide food traps for meiofauna under hydrodynamic effects 
or directly attract meiofauna through their behavioral 
response. Both processes could contribute significantly to 
small-scale aggregation. In DF site, Decho and Fleeger 
(1988) found M. cf littorale are positively correlated with 
high concentrations of diatoms and the patches of diatom 
were very similar to the patches of the species. If 
interactions between the sediment microhabitats, 
hydrodynamic and animal behavior occur, it is not difficult 
to explain the consistency of small-scale aggregation and 
its size variation.
Service & Bell (1987) found that harpacticoids tend to 
disperse under high density conditions, suggesting that 
density may be a significant factor in regulating patch 
size. Analysis of our data reveals no predictable 
relationship between patch size and population density for 
the abundant harpacticoids however. The patch size of a 
given species was either large or small under either high or 
low density conditions, and variability occurred among
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replicate sampling units. Density at this sampling site 
changes with tidal cycle, yet patch size was not related to 
tidal stage (Fleeger et al., 1990). Previous studies also 
yield inconsistent results. Findlay (1981) found that some 
meiofauna (gastrotrichs and one species of copepod) were 
less aggregated when density was high. On the other hand, 
both Nixon (197 6) and Hicks (1984) showed that species tend 
to be more aggregated when density is high. It is likely 
that factors that determine patch size act under high and 
low density conditions to contribute to patchiness.
The consistency of small-scale aggregation does not 
mean patches are static. On the contrary, small-scale 
aggregation and its effectors (for example, sediment 
microhabitat) may be very dynamic. Although the size of 
patch remained constant at the small scale (cm), patches may 
change in size, position, magnitude and shape. Life 
expectancy of a patch is very difficult to measure, and no 
direct evidence is available on patch longevity. However, 
the variations of three replicates in terms their sizes, 
positions, magnitudes and shapes of patches indirectly 
support the theory that patches are dynamic with spatio- 
temporal changes.
Small-scale variability is a real, detectable property 
of meiofauna. It has been identified in virtually every 
study ever conducted. This study represents the most 
extensive effort ever conducted to catalog patchiness. Our
findings suggest that small-scale variability is a 
consistent feature for abundant species, and that small- 
scale variability contributes most to the overall sampling 
variability of a habitat. Thus, small-scale distribution 
studies can take place under a variety of environmental 
conditions with a true representation of pattern. 
Nevertheless the details of spatial pattern can vary.
Patches are most frequently at very small scales (less that 
5 cm2) but will sometimes be variable in size (larger).
More troubling is the observation that variation in spatial 
pattern among replicates is quite high. This variation 
makes conclusions about the intensity of patchiness without 
replication tenuous and suggests that multiple collections 
should be made. Progress in understanding the cause of 
variation of patchiness will be made when the regulation of 
patchiness is understood. Fertile areas of study might be to 
investigate factors that operate at very small-spatial 
scales, behavior and micro-habitat characters are likely 
candidates. The causes of distribution patterns will best 
be determined by more closely coupling micro-habitat, 
behavior, hydrodynamic, and microbial studies and by the use 
of manipulative experiments in both field and laboratory 
settings.
CHAPTER 3
SEDIMENT MICROTOPOGRAPHY AND THE SMALL-SCALE SPATIAL 
DISTRIBUTION OF MEIOFAUNA
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INTRODUCTION
The dispersion of meiofauna, especially at small 
spatial scales, has been shown to be highly contagious in 
virtually all habitats studied (Findlay, 1981; Hicks, 1984; 
Decho & Fleeger, 1988; Eckman & Thistle, 1988). In a 
Louisiana salt marsh, the small-scale spatial patchiness of
harpacticoid copepods has recently been found to be
prevalent throughout a habitat and consistent across tidal
stage and season (Fleeger et al., 1990; Sun & Fleeger,
1991). Benthic ecologists have long sought the cause of 
meiofaunal aggregation. Several factors are known or 
suspected to cause microscale variation. They include 
hydrodynamics, food, predation, reproduction, competition, 
biogenic structure and topography (Fleeger & Decho, 1987). 
Among these, sediment topography and biogenic structure are 
most extensively studied (Thistle, 1980; Hogue & Miller, 
1981; Reise, 1981; Decho & Fleeger, 1988; Thistle & Eckman,
1988). This is not only because larger topographic features 
and biogenic structure can be easily identified in a 
sampling area but because the effects of topography and 
structure work in concert with other factors such as 
disturbance, food resources and hydrodynamics. For example, 
topographic features can be generated by disturbance created 
by hydrodynamic events (e.g. waves) or by bioturbation (via 
predation or sediment reworking associated with animal 
movement). These topographic structures may accumulate
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meiofauna by reducing shear velocity around the structure, 
by accumulating food resources or by providing refuge from 
predators (Bell et al., 1978; Thistle et al., 1984).
Sediment topography also occurs at the micro-scale 
(cm2) level. It is created by a variety of physical or 
biological regimes, and may also be related to dispersion 
pattern. Some microtopographic features such as small pits, 
borrows and fecal mounds are common in the field. However, 
in most cases, the sediment surface consists of many 
irregular and unidentifiable topographic features such as 
irregular depressions and mounds, making the description and 
even identification of surface features problematic. Simple 
and convenient ways to describe such features are necessary 
to facilitate their study. Recently developed image 
analysis technology may enable one to quantify photographic 
images of the sediment surface. With the advent of 
sophisticated computers and software, the measurement of 
sediment microtopography is becoming more accessible.
Several recent studies indicate that sediment 
microtopography affects meiofaunal density. Hicks (1984) 
showed that the density of the harpacticoid Parastenhelia 
megarostrum in ripple troughs was significantly higher than 
on adjacent crests. Savidge & Taghon (1988) found meiofauna 
to be more abundant in mimic pits than non-pits upon 
colonization of azoic sand. Depatra and Levin (1989) found 
that borrows contained higher densities of total meiofauna
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than ambient marsh sediments. However, few studies have 
directly compared the irregularity of the sediment surface 
with the distribution of meiofauna, partly because surface 
microtopographic features are not easy to quantify without 
sophisticated techniques such as image analysis.
This study was designed to identify the relationship 
between the small-scale patchiness of meiofauna and sediment 
microtopography. The distribution of a potential food 
resource, benthic microalgae, was also investigated. The 
purpose of this study was to: (1) seek correlations among or
between sediment microtopography and the distribution and 
abundance of benthic microalgae and meiofauna aided by image 
analysis techniques, and (2) measure the longevity of 
microtopographic features.
MATERIALS AND METHODS
The study area, located in Terrebonne Parish near 
Cocodrie, Louisiana, USA (29° 15'N; 91° 21'W), is 
characterized as a salt marsh dominated by the cordgrass 
Spartina alterniflora Loisel. The tidal regime is typically 
diurnal and affected by wind direction and intensity. Our 
mudflat site (20 X 4 m) is an intertidal area between the S . 
alterniflora marsh and a well-travelled bayou. The site is 
commonly exposed to disturbances from bow wakes from small 
boat traffic. The frequency of passing boats varies from 
season to season and the intensity of wave disturbance
46
depends on size and speed of the boats. Generally, the 
instantaneous current velocities during boat passage varies 
from 8 - 1 5  cm-sec"1 (Sun pers. obs., measured with a 
Montedoro-Whitney flow meter), but tidal velocities are 
generally lower, 2 to 10 cm-sec'1.
At the sampling site, small-scale sediment 
irregularities are omnipresent. These microtopographic 
features consist of small pits and depressions created by 
feeding and moving activities of fishes, crabs and birds, 
and by physical processes such as currents generated by 
tides, wind and boat wakes (Sun, pers obs). There is a 
considerable ecological baseline on the meiofaunal 
assemblage at this site. Nematodes and copepods are the 
most abundant groups; dominant harpacticoid copepod species 
change temporally and one or two species can always be found 
in high abundance. The range of patch sizes of small-scale 
aggregations of harpacticoids is about from 1 to 2 0 cm2 
(Phillips & Fleeger, 1985; Decho & Fleeger, 1988; Sun & 
Fleeger, 1991).
A 10 by 10 contiguous core unit was constructed by 
gluing 100 labelled drinking straws (0.63 mm i.d.) into a 
square array, with a total sampling area of 43.6 cm2. The 
first two samples were taken on August 3, 1990 from the 
lower portion of the mudflat when air exposed. Before 
sampling, the area was marked with reference points and 
photographed with a Pentax camera and a zoom lens under
natural light. Sampling units were pushed into the sediment 
to a depth of at least 5 cm. After removal from the 
sediment, each sampling unit was immediately pushed into 
thinly rolled modelling clay to hold the sediment in place. 
Then, individual cores were separated and carefully put into 
liquid nitrogen for further chlorophyll-pheopigment and 
meiofaunal density analysis.
In the laboratory, each individual core from the first 
two samples was removed from liquid nitrogen. A 2.5 cm 
length of sediment was extracted from the top to ensure that 
each sample had the same sediment volume. Sediment was 
removed from the core into a 8 ml test tube and added to 90% 
acetone. The sediment and acetone mixture was mixed 
thoroughly and filtered in a glass fiber filter. The 
filtrate was kept in a 15 ml centrifuge tube and acetone was 
added to increase the volume to 15 ml. chlorophyll-a (Chl-a) 
and pheopigment were subsequently measured before and after 
acidification (10% Hcl) on a Turner Model 110 fluorometer. 
Meiofauna retained on the filter was washed into a vial and 
5% formalin with rose bengal was added. Harpacticoid 
copepods were identified to species and enumerated. These 
methods ensured that the abundance of harpacticoids and the 
concentration of chlorophyll and pheopigment could be 
measured from the same core sample, and later plotted on a 
reference grid to compare with sediment microtopography.
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The third sample was collected on June 22, 1991, also while 
air exposed, however, no chlorophyll-pheopigment analysis 
was conducted.
A 9.5 by 9.5 cm photographic positive (representing an 
approximate 6.5 by 6.5 cm sediment surface area) was 
produced for each sample. These positive images were 
digitized using an Eikonix scanning camera. Scanning 
duration and exposure was selected for each individual 
photograph so as to minimize the number of saturated and 
underexposed pixels. The images were scanned at a 4096 by 
4096 pixel resolution and the resolution of digitization was 
reduced to tractable levels by sampling the 16th pixel to 
produce a 1024 by 1024 pixel image. Images were manipulated 
and area determinations made on a Vaxstation 3 500 computer 
running Precision Visuals Workstation Analysis and 
Visualization Environment (PV-WAVE, Precision Visuals 1990).
Density contours of meiofauna and chlorophyll were also 
plotted to compare to the sediment-surface image contour. 
Since light density in depression areas was either blocked 
and reduced by non-depression areas or more absorbed by 
depression areas, depressions generally had lower light 
density than non-depression areas. Other factors such as 
light angle, detritus and air bubbles on the water surface 
also affected the light density regime. The range of light 
densities was chosen so that blank areas represented 
depression areas.
At the time of the third sample collection, 20 small- 
scale sediment depressions (less than 10 cm2 in size), were 
haphazardly selected and individually sampled. For each 
depression, a small corer (0.7 cm i.d.) was centered in the 
depression to sample the depression. Another corer sampled 
a non-depression area close to that depression. In the 
laboratory, the sediment from each core was preserved with 
formalin with rose bengal and all meiofauna were enumerated. 
Harpacticoid copepods were identified to species and 
nematodes to major taxon.
Spatial autocorrelation techniques have recently been 
applied to the measurement of distributional pattern (see 
Sokal & Oden, 1978; Sokal, 1979; Cliff & Ord, 1981).
Spatial autocorrelation analysis (Moran's I) and Spearman 
rank correlation coefficients were computed to detect 
meiofauna distributional pattern and correlation between 
chlorophyll-pheopigment concentration and meiofauna 
densities in contiguous core samples. To construct a 
correlogram, Moran's I was computed for each distance class 
separately where weights were 1 if the distance between a 
pair of cores was in that distance class, and 0 otherwise. 
The first midpoint distance class, about 0.64 cm, 
represented adjacent cores. The second distance class 
included only cores in a diagonal position. The subsequent
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classes were more arbitrary but the increase in distance was 
similar for subsequent distances. The Wilcoxon rank-sum 
test was used to examine density differences between the 
depression and non-depression samples. Analysis of Chl-a, 
nematodes and total harpacticoids was conducted as was the 
most abundant harpacticoid species, Scottolana canadensis.
The dynamics of sediment microtopography were examined 
by photography. On the August 4, 1991, four locations were 
selected across the mudflat. A square area about 3 0 X 30 cm 
was marked by pushing a bamboo stick (2 mm i.d.) into 
sediment at four corners. Sediments were photographed every 
time the mudflat was air-exposed (low tide) during daylight 
for two tidal cycles (Louisiana tides are diurnal). A 
second trip was made on December 7, 1991 and eight locations 
were chosen and marked. The camera was mounted on a box 
which blocked sunlight to avoid the natural sunlight 
changes. The size of rectangular area was about 19 X 30 cm. 
Photographs were taken at the beginning and at the end of 
one tidal cycle.
RESULTS
MEIOFAUNAL ASSEMBLAGE
Only two species of harpacticoid copepods were abundant 
in the three contiguous-core samples (Table 3.1).
Scottolana canadensis (Willey) was most abundant and 
comprised 86.2% and 65.2% of the total harpacticoids in the
Table 3.1. Chl-a (/zg- core'1) , pheopigments (/Lig-core'1) , dominant copepod species 
(individuals-core'1) and nematode (individuals-core'1) for contiguous core and 
paired-sample collection.
Group
Rep. • 
Mean
-1
SD
Rep. ■ 
Mean
-2
SD
Rep. • 
Mean
-3
SD
Paired
D
Mean SD
sample 
NON-D 
Mean SD
Chlorophyll 5.8 1.1 8.0 1.4
Pheopigments 12.0 1.6 11.1 1.6
Scottolana canadensis 6.2 3 . 2 5.6 6.2 4.1 2.7 4.6 2.3 3.5 1.8
Pseudostenhelia wellsi 
Microarthridion cf.
littorale
0.7
0.1
0.9
0.3
2.7
0.1
2.1
0.4
0.2
0.6
0.2
1.0
0.1 0.2 
1.1 0.9
0.1 0.2 
0.3 0.5
Total copepods 7.2 3 . 3 8.6 4.2 4.9 3.0 5.7 2.7 3.8 2.0
Total nematodes 3.3 2.1 2.9 2. 3 1.9 1.5
Number of core: Rep-1: 99, Rep-2: 94, Rep-3: 100. 
— : data unavailable
<j)
first two samples. Pseudostenhelia wellsi Coull & Fleeger 
comprised 10% and 31.2% of total harpacticoids in these 
samples. In the third sample, Microarthridion c f . littorale 
replaced E\_ wellsi. and S^ . canadensis and M^ _ c f . littorale 
composed 84.4 and 12.5% of the total harpacticoids 
respectively. The abundance of nematodes in the sample 
three was inexplicably low (104 individuals- 10 cm'2) compared 
to other studies (950 individuals- 10 cm'2) from same area 
(Phillips & Fleeger 1985). Species composition and 
abundance in the paired-samples were similar to the third 
contiguous core sample.
MICROTOPOGRAPHIC FEATURES
Microtopographic features were physically complex at 
the study site. Depressions were the dominant feature of 
the sediment surface, although macrofaunal borrows and 
detritus clumps were commonly found. The shape, depth and 
size of depressions were quite variable and difficult to 
quantify visually. Few depressions had a circular shape. 
Overall, two general types of depressions were observed in 
terms of depth, size and boundary between depression and 
non-depression areas. The first type consisted of larger (>
2 cm dia.) and deeper (> than 4 mm) depressions in which the 
boundary between the depression and non-depression areas was 
sharp. Examples produced by image analysis can be seen in 
Figure 3.2, marked as Dl, D2 and D3 in sample-1. Other 
depressions were small (< 2 cm dia.), shallow (< 4 mm) and
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the boundary between depression and non-depression areas was 
more continuous (Fig. 3.3, marked as Dl, D2 and D3 in 
sample-2).
AUTOCORRELATION
Autocorrelations plotted against geographic distance 
(also called correlograms) among the cores were calculated 
for Chl-a, abundant harpacticoid species and nematodes 
(third sample only). In the laboratory, one subcore was 
lost in the first contiguous-core sample and six subcores 
were lost in the second sample. Harpacticoids and nematodes 
were highly correlated at the first spatial distance; the 
correlograms were variable for Chl-a between the two samples 
(Fig. 3.1). The Chl-a in sample one displayed larger 
aggregations (about 2 cm in dia.) than the second sample 
(about 1 cm in dia.). EL. canadensis also showed different 
spatial patterns (patch size and distance between patches) 
between the first sample and the other two samples. 
Abundances were positively correlated at the first and 
second distances and negatively at third distance in the 
sample 1, indicating approximate 1.3 cm diameter 
aggregations. The positive correlation at 3.0 and 3.7 cm 
indicated a distance between these patches. However, in the 
other two samples, EL. canadensis was positively correlated 
at the first distance and quickly dropped to a non­
significant correlation until higher order (longer
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Figure 3.1. Spatial correlograms of abundant harpacticoids 
and Chl-a. (nematodes in sample-3) in 3 samples (Scot. - S . 
canadensis; Pseu. - EC. wellsi; Micro. - c f . littorale; 
Nema. - Nematodes) Filled marks are significant points; 
open marks are non-significant points. Axes represent 
standardized autocorrelation statistic and midpoint 
distance respectively.
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distances) were tested. Patch sizes were smaller (0.8 cm 
india.) compared to the first sample. P\_ wellsi showed a 
similar pattern in the first two samples and patch size was 
small. Nematodes were positively correlated until the 2 cm 
distance and negatively correlated from 3.6 to 6.3 cm. This 
indicated a large patch across the sampling area.
FAUNAL CORRELATION
Spearman rank correlation coefficients indicated that 
there was no positive or negative correlation between 
photosynthetic pigments and meiofauna (Table 3.2). All 
Spearman correlation coefficients were non-significant (P > 
0.05). No correlation between harpacticoid abundance and 
pigment concentration was shown in the density contour maps 
(Fig. 3.2 & Fig 3.3). High densities of harpacticoids and 
high concentrations of Chl-a did not generally co-occur, nor 
were sediment depressions coincident with pigment 
concentration (see below).
Visual analysis suggested that high density patches of 
harpacticoids generally corresponded with depression areas. 
To explore this relationship quantitatively, all areas from 
each sample were designated as depressions or non­
depressions based on light intensity from digitized images. 
Each individual core of the contiguous unit was then defined 
as a depression or a non-depression subcore by overlaying 
core coordinates with enhanced images showing the location
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Table 3.2. Spearman correlation coefficients for Chl-a, 
pheopigment and harpacticoid copepods
Sample-1 Sample-2
(n=99) (n=94)
Chl-a. Pheo. Chl-a. Pheo.
Scottolana canadensis 0 .103 -0.116 -0.004 0.033
Pseudostenhelia wellsi 0 .108 0.115 0.085 0.095
Total harpacticoids 0 .101 -0.087 0.035 0 .110
All coefficients were non-significant.
of depression and non-depression areas. Subcores located in 
transition areas between depression and non-depression areas 
were excluded from this analysis. S^ . canadensis and total 
harpacticoids from each subcore were tallied. A two-sample 
(depression vs non-depression) t-test was performed for each 
sample (Table 3.3). Mean densities of S^ _ canadensis and 
total harpacticoids were significantly higher in depression 
than non-depression areas although the size of depressions 
varied with different samples. The mean densities of S . 
canadensis in sample 1, 2 and 3 were 7.5, 7.1 and 5.1 
individuals-core'1 in depression areas and 4.9, 4.9 and 3.7 
in non-depression areas, respectively.
The most striking pattern of association with 
microtopographic features was demonstrated in the first 
contiguous-core sample. Three larger (2-4 cm i.d.) and 
deeper depressions were identified and labelled as Dl, D2 
and D 3 . Harpacticoids were concentrated in these depression 
areas and values of density contours greater than 11 
individuals-core"1 occurred inside these depressions (Fig. 
3.2b and d ) . The three high-density patches were 
responsible for 28% of the total harpacticoids but comprised 
only 18% of the total sampling area. Furthermore, 
harpacticoids were not uniformly distributed and showed a 
patchy pattern inside the depression areas. In contrast, 
non-depression areas such as Ndl, Nd2, Nd3 and Nd4,
Table 3.3. Comparison of density (individuals-core'1) between 
depression and non-depression cores for three samples. Mean selected 
with different letters are significantly different (t-test, P<0.05).
Scottolana canadensis Total harpacticoids
N Mean SD Mean SD
Sample-1 Dep. 44 7.5 a 3.4 8.4 a 3.5
Non-dep. 43 4.9 b 2.7 5.9 b 2.8
Sample-2 Dep. 31 7.1 a 3.4 11.0 a 4.6
Non-dep. 57 4.9 b 2.6 7.6 b 3.1
Sample-3 Dep. 35 5.1 a 3.0 9.5 a 4.6
Non-dep 61 3.7 b 2.3 7.7 b 3.3
N —  number of cores; SD —  standard deviation. 
Dep. — Depression; Non-dep. —  Non-depression.
Figure 3.2. The results of image analysis in sample-1, (a) 
sediment image, (b) sediment contour, (c) Chl-a density 
contour (fJ.g- core"*) , and (d) harpacticoid density contour 
(individuals*core 1) in sample-1 (scale in image is mm).
A$D
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densities were very low, and contour values were less than 4 
individuals-core1. Moreover, in some small, shallow (< 1 cm 
dia.) depressions such as D 4 , harpacticoids were also quite 
low in abundance (3.75 individuals-core"1) .
Topographically, the depressions in contiguous-core 
sample-2 were shallower and the contrast between depression 
and non-depression areas was not as great as in sample-1 
(Fig. 3.3a, b and d ) . Depressions were small (1-2 cm dia.) 
and shallow in sample-2. However, high density patches were 
found in depression areas designated Dl, D2 and D 3 , but low 
harpacticoid densities were found in non-depression areas 
such Ndl, Nd2, Nd3 and Nd4. In the upper right corner, an 
accumulated detritus cluster (not in a depression, see arrow 
in Fig. 3.3) also displayed high harpacticoid abundance.
Like sample-2, the microtopography of contiguous-core 
sample-3 consisted of small, shallow depressions (1 cm 
dia.)(Fig. 3.4a, b ) . An unknown macrofaunal borrow (about 
0.2 cm dia.) was present in this sample (at arrow). 
Harpacticoid density was highest in the borrow (greater than 
11 individuals- core'1) . Harpacticoids aggregated in 
depression areas such Dl and D2 (D2 included some air 
bubbles). Low density areas were in Ndl, Nd2 and N d 3 . 
Exceptions were found in Nd4, Nd5, D 3 , D 4 , and D5 areas in 
which highest densities were in non-depressions and lower 
densities were found in depressions. The distribution of
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Figure 3.3. The results of image analysis in sample-2, (a) 
sediment image, (b) sediment contour, (c) Chl-a density 
contour (jig-core-1) , and (d) harpacticoid density contour 
(individuals’core-1) (scale in image is mm). Note the 
arrow in (b) indicates a detritus cluster.
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Figure 3.4. The results of image analysis in sample-2, (a) 
sediment image, (b) sediment contour, (c) nematode density 
contour (individuals*core'1) , and (d) harpacticoid density 
contour (individuals* core'1) (scale in image is mm) . Note 
the arrow in (a) indicates a macrofaunal borrow.
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nematode patches did not correspond with harpacticoid 
patches. Furthermore, we could not discern a relationship 
between the sediment microtopographic features and nematode 
density contours in this sample (Fig. 3.4 a, b and c ) .
PAIRED SAMPLING
Paired sampling of depression and non-depression 
areasindicated that the density of harpacticoids in 
depression areas was significantly higher than non­
depression areas (P < 0.05) (Table 3.1). The average values 
of harpacticoids in depression and non-depression areas were 
5.7 and 3.8 individuals*core'1 respectively. No significant 
difference was found for nematodes. Of 2 0 paired-samples, 
only five showed lower harpacticoid density in depression 
than non-depression areas.
LONGEVITY OF MICROTOPOGRAPHIC FEATURES
Small-scale sediment topography (at the cm2 scale) 
changed quickly within a tidal cycle (Fig. 3.5). Of the 12 
locations observed, microtopographic features were 
unrecognizable after 24 h at eight locations. Two examples 
were illustrated in Figure 5. Features were washed away and 
smoothed over (Fig. 3.5, al and a2) and new features were 
added in some (Fig. 3.5, bl and b2). Even in the four 
locations that remained identifiable, changes were apparent. 
For example, depressions were shallower than before and new 
topographic features were added.
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Figure 3.5. Examples of changes of sediment 
microtopographic features in two locations before (al and 
bl) and after (a2 and b2) one tidal cycle (scales are cm, 
see text for details).
02489102020102900002020002000102020000010100020000000000020202
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To further quantify changes in microtopography, the 
number and location of microtopographic features were marked 
on an acetate sheet overlying the photograph of each 
location. Acetate sheets were compared to determine how 
many features were in the same location after 24 hr.A mean 
of 23 depressions and mounds were observed from each 
photograph, but only 2.5 co-occurrences were matched after 
24 hr. This suggests that microtopographic features were 
frequently created and destroyed, with only about 10 % still 
identifiable after each tidal cycle.
DISCUSSION
We found a strong association between sediment 
microtopographic features and the small-scale distribution 
of harpacticoid copepods. Harpacticoids were 
disproportionately (by a factor of about two) abundant in 
depression compared to non-depression areas although the 
distribution was not uniform within or among depressions.
The effects of sediment microtopography were enhanced when 
there was a strong contrast between depression and non­
depression features (when pits were deep and large compared 
to surrounding sediment). Other topographic features such 
as macrofaunal borrows and detritus aggregates also 
accumulated benthic harpacticoids, and our results are 
consistent with other studies that have examined small-scale 
features (DePatra & Levin, 1989; Thistle et al., 1984).
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Patches of harpacticoids are generally one to a few cm2 on 
this mudflat, while depressions are slightly larger (3-7 cm" 
2). This matching of spatial scales and the high densities 
in particular depressions suggests that physical structure 
is a major determinant of patchiness, even at very small 
spatial scales.
The results of autocorrelation analysis further show 
that larger and deeper depressions increase the size of 
aggregations of Scottolana canadensis although the patch 
size was smaller than the depression size. Larger 
depressions occurred in the first contiguous-core sample, 
and the corresponding correlogram showed relatively large 
faunal patches with sharp boundaries (a positive correlation 
at the first two distances that dropped to negative at third 
distance). Smaller depressions were prevalent in sample 2 
and 3 where S^ canadensis displayed a smaller patch size 
than in the first sample (a significant autocorrelation 
occurred only at the first distance scale). The patch size 
of Pseudostenhelia wellsi did not respond to depression size 
and displayed a similar patchiness in sample 1 and 2. Lower 
density and intrinsic factors (i.e.. tube-living style, 
Chandler & Fleeger, 1984) may alternatively explain the lack 
of a relationship.
Although harpacticoids lack dispersing larvae, movement 
by adults and juveniles through the water column explains 
their rapid recruitment and recolonization abilities
(Sherman & Coull, 1980; Chandler & Fleeger, 1983; Kern & 
Bell, 1984). Re-settlement or recolonization from the water 
column may have important effects on the distribution of the 
meiobenthos (Palmer, 1988a). Harpacticoid settlement is 
likely subject to the co-effects of hydrodynamics (i.e., 
passive processes) and behavioral responses (i.e., active 
processes) associated with topographic features. Passive 
processes have been suggested to be the principal factor 
relating meiofauna distribution and sediment topography 
where hydrodynamic shear stress is reduced (Eckman, 1983) ; 
however, both passive and active aspects have been shown to 
play an important role for meiofauna dispersion (Fegley, 
1988; Savidge & Taghon 1988; DePatra & Levin 1989). Our 
experimental design could not separate hydrodynamic effects 
from behavioral responses, and sediment topographic features 
may have enhanced both processes. Depressions may both 
reduce shear stress and provide a desirable microhabitat 
upon settlement. The role of active and passive processes 
can best be studied in the controlled-flow environment of a 
flume (Butman et al., 1988), and experiments investigating 
meiofaunal settlement are underway (Sun and Fleeger, in 
preparation).
Disturbances that create microtopography vary, and most 
small-scale surface features are short-lived (about 24 h ) . 
Thus, the type of disturbance and time required for 
colonization may control abundance in a given depression,
and not all depressions in our study displayed high 
densities. Predation on meiofauna by larval fish or shrimp 
has been shown to remove large numbers of harpacticoids from 
sediments leaving behind depleted depressions (Smith &
Coull, 1987; Palmer, 1988b). McCall (1992b) found that a 
meiofaunal predator is capable of detecting and intensively 
feeding on high-density patches of meiofauna.
Alternatively, non-feeding disturbances (such as that 
associated with animal locomotion in or on sediment) may not 
reduce meiofaunal abundance. If a depression was produced 
by predation shortly before low tide, the depression may 
have much lower density of harpacticoids than in a non­
depression area. On the other hand, if a depression is 
produced by reworking activities or long before low tide 
(assuming no secondary disturbance), the depression may have 
a much higher density of harpacticoids than surrounding non­
depression sediment.
Our results indicate that there was no direct 
relationship between Chl-a concentration and the 
harpacticoid species studied or between Chl-a concentration 
and microtopography. A similar result was also found by 
Pinckney and Sandulli (1990), and microtopographic relief 
does not necessarily accumulate Chl-a or organic matter 
(Hogue & Miller, 1981; Skjoldal, 1982). Nevertheless, the 
manner in which food resources influences meiofaunal 
dispersion is not clear. The food resources of Scottolana
canadensis appear to be phytoplankton, either settled to the 
sediment or from water column, and ingestion in this species 
occurs primarily at high water or just after the water 
recedes from the sediment surface (Decho, 1986; 1987) . Our 
data suggest that canadensis did not actively seek areas 
of high food concentration when choosing a location to 
settle, and generally, the patch locations of S. canadensis 
corresponded to depressions rather than high concentration 
areas of Chl-a. Furthermore, SL. canadensis is gregarious 
and will colonize particular locations best if con-specifics 
are present (Chandler & Fleeger, 1987). Decho & Fleeger 
(1988) found a strong association of distributional patterns 
between Microarthridion c f . littorale and Chl-a 
concentration. Unfortunately, the abundance of this species 
was too low to warrant analysis for the first two samples. 
Alternatively, many food preference studies for meiofauna 
have found that meiofauna will choose among the microbial 
flora available to it and that this choice is species- 
specific (Lee et al. , 1976; Hicks, 1977; Lee et al. , 1977; 
Rieper, 1982). If this is true, Chl-a may not be a good 
indicator of food resources.
Contiguous coring and pair-sampling did not discover a 
relationship between microtopography and nematode abundance, 
however nematodes were found in uncharacteristically low 
abundance during our study. In a sand habitat, Hogue & 
Miller (1981) found that high densities of nematodes
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occurred on crests rather than toughs of bedforxus. Unlike 
harpacticoids, nematodes live deeper in sediment (Sibert, 
1981; Palmer & Molloy, 1986; Montagna et al., 1989). The 
effects of disturbance and hydrodynamics for nematodes may 
not be as strong as for harpacticoids because nematodes 
seldom enter the water column. Furthermore, slow colonizing 
abilities may prevent nematodes from active selection of 
more distant, favorable depressions (Chandler & Fleeger 
1983).
The longevity of microtopographic features was very 
short in the mudflat, and most features could not be 
recognized after 24 h (one tidal cycle). Because 
harpacticoids tend to aggregate in these ephemeral features, 
harpacticoid patchiness is probably very dynamic and the 
longevity of aggregations may also be less than one tidal 
cycle.
With the use of image and geographic analysis software, 
it is possible to produce high resolution microtopographic 
contour plots of sediment surfaces. Obtaining accurate 
topographies requires considerable technical sophistication 
in the field, and lengthy analysis, even in the fast 
computational environment of advanced workstations. 
Therefore, detailed microtopographic mapping is too time 
consuming to be practical in most situations, and was not 
used in this study. However, direct comparisons between 
microtopography and meiofaunal distributions are possible if
a lower resolution classification of topographic relief is 
developed. Our goal in this study was not to precisely 
measure vertical relief of a surface area, which requires 
expensive equipment and high intensity labor, but to enhance 
our ability to define and classify microtopographic 
features. Relative elevation of irregularities of sediment 
surface can be qualitatively determined and mapped in space 
in order to examine faunal-microtopography interactions. In 
this context, digitized images proved to be very useful and 
aided in our search for significant patterns.
The primary limitation of the low resolution 
microtopographic classification we employed is that it does 
not allow for a spectral analysis to determine if there are 
characteristic scales of topographic relief which are 
correlated with biotic patterns. Such variable scale 
analyses require the highest resolution possible topographic 
mapping followed by analysis at progressively coarser 
scales. Conceptually, there are two practical ways of 
obtaining the necessary images in the field. The first is 
small-scale passive stereogammetry, which is most easily 
accomplished if three images are taken from different 
perspectives and the targeted surface is sprinkled with 
reference particles and objects for scale. The use of 
reference and scale objects on the mud surface would reduce 
the photographic precision needed. The second is small- 
scale active stereogammetry in which multiple photographs
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are taken from a single perspective while lighting angle is 
changed and optical grids are projected upon the surface. 
Here again, sprinkling reference and scale objects on the 
mud reduces the need for photographic precision.
Harpacticoids at our intertidal study site are roughly 
twice as abundant in depressions compared to non-depression 
areas, and microtopography contributes substantially to the 
pattern of aggregation. Additionally, harpacticoids at this 
site are relatively predictable in space, and most variation 
occurs on the scale of cm2 (Sun & Fleeger, 1991). Studies 
at other locations have found a much greater range of 
variation, with nearby cores differing routinely by one and 
even two orders of magnitude (Coull & Bell, 1979) . We do 
not know what fraction of the total variability is explained 
by microtopography-related factors at all sites, but 
certainly other factors such as those related to inter­
specific interactions (e.g. facilitation, inhibition, 
Chandler & Fleeger, 1987), reproductive behavior, feeding, 
competition, and predation are also likely be important to 
very high levels of variation. Combining image analysis 
techniques with contiguous coring (photographing an area 
before sampling) offers creative opportunities to 
investigate the interaction among these factors and may 
permit real progress in explaining small-scale pattern.
CHAPTER 4
PASSIVE AND ACTIVE SETTLEMENT OF MEIOFAUNA INTO SEDIMENT 
DEPRESSIONS: FIELD AND FLUME RECOLONIZATION STUDIES
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INTRODUCTION
Topographic features, like pits and depressions, are 
prevalent and abundant features of muddy sediments (Sun et 
al., 1993). They are formed by biological activity related 
to macrofaunal and fish feeding, burrowing, and locomotion, 
and by physical forces such as wave action (Aller & Yingst, 
1978; VanBlaricom, 1982; Reidneuer & Thistle, 1981; Hogue & 
Miller, 1981). Topography is known to influence the 
distribution and abundance of meiofauna. Many studies have 
found a positive association between sediment depressions 
and the abundance of meiofauna (Reidneuer & Thistle, 1981; 
Savidge & Taghon, 1987; Depatra & Levin, 1989; Sun et a l .. 
1993), however the cause of this pattern has been the nature 
of debate (see below).
Although natural depressions are relatively easy to 
identify and sample in shallow or air-exposed sediments, 
they are not ideal experimental agents. The dimensions of 
depressions are difficult to quantify from the field, and 
they have an irregular shape that unpredictably affects 
biologically meaningful physical conditions of the 
depressions. For example, the aspect ratio of pits, a 
product of height X diameter, will vary greatly in any 
natural collection of depressions and will affect deposition 
and entrainment. Also, the history of depressions greatly 
varies in natural conditions. Some pits are long-lived 
(those associated with macrofauna burrows), while others are
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highly ephemeral (Sun et al., 1993). Depressions are 
relatively easy to mimic, and controlled experimentation is 
possible.
Until recently, meiofauna were thought to be 
morphologically and behaviorally limited in their dispersal 
ability (Sterrer, 1973; Gerlach, 1977). However, a large 
volume of research indicates that movement through the water 
column is very important to dispersal by meiofauna, 
especially epibenthic copepods (Hagerman & Rieger, 1981; 
Chandler & Fleeger, 1983; Palmer & Gust, 1985). Epibenthic 
copepods live at the sediment-water interface and make 
frequent forays in the near-bottom water. Epibenthic 
copepods may also be considered to be hyperbenthic (McCall, 
1992a; 1992b). Abundance of epibenthic meiofauna in or on 
sediment may depend heavily on the process of resettlement 
or recolonization of individuals from the water column. 
However, less has been known about dispersal process of 
another functional group - infaunal burrowers. Nematodes, 
rarely actively enter the water column (Palmer 1988a) and 
abundance in the water column is much lower compared to 
their sediment abundance (Sibert, 1981). The different life 
style of this functional group may cause a different 
response to sediment topography because dispersal mechanisms 
may differ dramatically from epibenthic meiofauna (Fegley, 
1987; Palmer, 1988a).
A body of theoretical and experimental research has 
been conducted on the entry of macrofaunal larvae into 
suspended settlement traps (Lau, 1979; Butman, 1986; Butman 
et al. . 1986; Yund et al.. 1991). This body of research 
suggests that hydrodynamic forces differ among traps with 
different aspect ratios. Hydrodynamics forces acting on a 
regular pit or depression may also be predicted from these 
settling trap studies and can be empirically observed.
Given their small body size, settlement of meiofauna into 
depressions of different aspect ratios may be a function of 
the hydrodynamic regime. Previous studies indicated that 
either passive or both passive and active settlement occurs 
for epibenthic meiofauna (Eckman, 1983; Kern & Taghon,
1986). A major issue about meiofaunal (especially 
meiobenthic copepods) dispersal is the relative importance 
of passive and active processes. It is difficult to 
separate the two processes in field experiments in many 
studies because of the complicated hydrodynamic conditions 
in the field, but laboratory flumes offer controlled flow 
environments.
In the present study, I conducted both field and 
laboratory flume colonization experiments. In the field 
study, artificial depressions with six aspect ratios were 
used to investigate the response of functional groups of 
meiofauna to the effects of depression, depression aspect 
ratio, and time of colonization on abundance. In the flume
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study, I used the same depression mimics but with two 
different sediments under two flow conditions. I designed 
the experiment to separate hydrodynamic effects from 
behavioral selection and evaluate the relative importance of 
each under different flow velocities. The null hypotheses 
was that no difference in settlement between preferred and 
non-preferred sediment for meiobenthic copepods could be 
detected.
MATERIALS AND METHODS 
FIELD COLONIZATION EXPERIMENTS
The study area, located in Terrebonne Parish near 
Cocodrie, Louisiana, USA (29° 15'N; 91°21'W) , is 
characterized as a salt marsh dominated by the cordgrass 
Spartina alterniflora. The tidal regime is typically 
diurnal and affected by wind direction and intensity. The
mudflat site (20 x 4 m) is an intertidal area between the S .
alterniflora marsh and a well-travelled bayou. The site is 
commonly exposed to disturbances from bow wakes from small 
boat traffic. The frequency of passing boats varies from 
season to season and the intensity of wave disturbance
depends on boat size and speed. Generally, maximum
velocities during most boat passings are between 8 - 1 5  
cm* s'1 (Sun pers. obs., measured with a Montedoro-Whitney 
flow meter), but tidal velocities are generally lower, 2 to 
10 cm* sec'1. This site has been well described physically
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and biologically with a considerable ecological baseline of 
the meiofaunal assemblage (Phillips & Fleeger, 1985; Decho & 
Fleeger, 1988; Sun & Fleeger, 1991).
During low tide on 3 August 1991, 60 experiment units 
were established across the longitudinal axis of the 
mudflat. The distance between any two units was about 0.4 
m. The experiment units were adapted from Fegley (1988) 
except that plastic vials were filled to specific levels 
with defaunated sediment to alter the depth of the 
depression (Fig. 4.1). There were two parts to each unit: a 
depression mimic and a surrounding non-depression area. Six
aspect-ratios of depression mimics consisted of a
combination of large and small diameter plastic vials (32 mm 
i.d., L; and 14 mm i.d., S; both 5.5 in total height), 
filled with defaunated sediment to three different working 
depths (3, 6, 10 mm). The values of six aspect-ratios 
(combinations of 2 diameters and 3 depths) were 0.09 (L3:
large dia., 3 mm depth), 0.18 (L6), 0.29 (L10), 0.21 (S3:
small dia.), 0.43 (S6), and 0.71 (S10). The depth was the 
distance between the mouth of the vial and the surface of 
the defaunated sediment. The non-depression area consisted 
of the defaunated sediment (as in the vials) that surrounded 
the depression mimic. We also considered recolonization 
time (sampling time) as another treatment. Therefore, there 
were 18 time by aspect-ratio combinations. Each combination
10.5 cm
/\
Depth
5.5 cm
10cm
Figure 4.1. Schematic diagram of a colonization unit 1) 
azoic sediment in depression, 2)azoic sediment in non­
depression area, 3) ambient sediment.
was replicated in triplicate. The total experimental units 
numbered 54. Six additional units (with six different 
diameter and depth combinations) were constructed as 
backups, in case some units were lost. Sediment was 
collected from the study area several weeks prior to the 
colonization study. The sediment was washed through 0.5 mm 
sieve with distilled water and heated at 100°C for at least 
24 hr to kill and remove meiofauna. Defaunated sediment was 
checked for meiofauna after two weeks, and no animals were 
found.
Colonization units were placed on the mudflat during 
low tide, at air exposure. A circular 10.5 cm i.d. x 15 cm 
high thin metal ring was pushed vertically into the 
sediment. Natural sediment inside the ring was excavated 
down to about 10 cm and replaced with defaunated sediment. 
Then a vial (depression mimic) was carefully placed inside 
the defaunated sediment at the center of the excavation. 
Care was made to ensure that the surface of vial was flush 
with the defaunated-sediment surface. Each unit was marked 
by placing a bamboo stick (2 mm i.d.) at the edge of the 
unit. Different colors and shapes were associated with the 
marking stick for the six diameter-depth combinations so 
they could be easily recognized. Disturbance associated 
with sample collection was avoided by use of a small foot 
bridge previously constructed over the mudflat.
Most settlement traps are designed to estimate the 
number of larvae arriving at the sediment surface (Gardner, 
1980; Fegley, 1988; Butman et al., 1989). However, my 
depression mimics, with low aspect ratios (from 0.09 to 
0.71), were designed to simulate natural depressions, 
enhancing the comparison between meiofaunal abundance and 
hydrodynamic characteristics (aspect ratios) of depressions. 
The higher the aspect ratio of a depression, the lower the 
shear velocity at the bottom of depression, and vise versa 
(Lau, 1979; Yund 1991). Most natural depressions are in the 
range of diameters and depths of the depression mimics and 
have a very low depth to diameter ratio (Sun & Fleeger, 90; 
Sun et al., 1993). The relatively low aspect ratios used in 
this study should allows meiofauna to enter or leave 
depressions through both active and passive processes (Lau, 
1979; Butman, 1986; Yund et ad., 1991), although this 
ability is flow rate dependent.
Samples were collected only at low tide, 24, 48, and 72 
hr after initiation. For each collection, three replicates 
for each of the six diameter-depth combinations were 
randomly chosen. During sampling, depression mimics were 
carefully lifted by hand and transported to a 150 ml jar.
If the surface of the depression mimics was not flush with 
the surface of the sediment, the unit was abandoned. Non­
depression areas were sampled with a syringe-style corer 
(1.2 mm i.d.), modified by removing both ends. Two samples
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were taken in the non-depression areas and the top 3 cm of 
sediment was retained in a 50 ml jar and preserved with 5 % 
formalin and Rose Bengal. In order to compare the species 
composition and population structure between the defaunated 
and ambient sediment, five samples were collected during 
each sampling period from undisturbed ambient sediment with 
the same syringe corer.
In the laboratory, the sediment inside depression 
mimics vials was removed and preserved in formalin with Rose 
Bengal. All samples were treated by sonication and sieving. 
Copepods retained on a 63 /zm sieve were identified to 
species (sex and development stages were recorded) and 
enumerated. Nematodes were identified only to major taxon. 
FLUME STUDY
Preference experiments were first conducted in standing 
water to determine if meiobenthic copepods actively select 
or avoid different types of sediment in standing water 
(similar to Decho & Fleeger 1988). Two treatments were 
used: heated sediment and non-heated, algal-enriched 
sediment. The purpose of the preference experiment was to 
identify a sediment that harpacticoids would distinctly 
prefer. The putative non-preferred sediment was the same as 
the defaunated sediment used in the field experiment. The 
putative preferred sediment was collected from the field the 
day before the experiment and sieved through 0.5 mm sieve 
with filtered sea water. After settling for one night and
removing standing water, sediment was mixed with the 
planktonic algae, Isochrvsis galbani. Preference 
experiment chambers were circular (20.5 cm i.d.) and 18 cm 
in depth. The bottom of the chamber was covered with the 
sand to about 10 cm. Three pairs of vials (14 mm i.d.) were 
buried into the sand with top flush with the surface at 
three different locations (at equal distances between 
locations) close to the wall of chamber. Each vial of the 
pair was filled with one of the sediment types, and located 
next to each other. The meiobenthic copepods Scottolana 
canadensis and Cletocamptus deitersi. were collected from 
the experimental mudflat. About 1000 copepods were released 
in the center of the chamber with a plastic cylinder in each 
of two replicates. The vials were collected after 2 hr, and 
the number of copepods enumerated.
Flume experiments were conducted in a recirculating 
flume at the Louisiana University Marine Consortium 
(LUMCON). The plexiglas channel of the flume was 731.5 cm 
long, 81.3 cm wide, and 61 cm deep. A square deep box 
(experimental area), 75 cm side long and 30 cm deep, was 
located about 450 cm from the upstream end. A 2-axis laser 
Doppler velocimeter (LDV) mounted on the flume was used to 
measure horizontal and vertical components of the flow. A 
vertical velocity profile in front of the tray was measured 
by LDV at each flow condition. Shear velocity was 
calculated by equation u ( z )  = u„/k l n ( z / z 0) , u(z): the mean
velocity at height z; k the Von Karman's constant (0.4); z0 
the bottom roughness (Clauser, 1956; Gross and Nowell,
1983). Flow visualizations were made to determine flow 
pattern inside settlement vials since detailed quantitative 
velocity profiles for each of different treatment vials were 
not attempted. A fine stream of fluorescein dye was 
introduced in upstream 10 cm from the vials with a syringe 
and pipette. The flow pattern of downward into and upward 
out the depressions was videotaped with a Sony Hi8 
camcorder.
A plexiglas tray (60 cm long, 4 6 cm wide, and 7 cm 
deep) was fitted into the deep box and served as the 
settlement area. Settlement vials were the same dimensions 
as the field recolonization vials except that only four of 
the six aspect ratios (combinations of two diameters and two 
depths) were used. Aspect ratios were 0.09 (L3), 0.29 
(L10), 0.21 (S3), and 0.71 (S10). Sixteen locations, 4 rows 
and 4 columns, were selected in the tray. A Latin-square 
design was employed. Rows and columns were randomized and 
each row and column had four different diameter and depth 
combinations. At each location, two vials, of the same 
diameter, were paired by gluing them together (about 2-3 mm 
apart) to the bottom of the tray. Meanwhile, the surface of 
vials was adjusted to be flush with the surface of the tray. 
The rest of the area of the tray was filled with defaunated 
sediment. Before the experiment, the paired vials in each
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location were randomly filled with contrasting sediments 
(preferred sediment and non-preferred sediment) to the same 
depth inside the vials. A piece of thin plexiglas (65 cm X 
65 cm X 0.3 cm) covered on the top of the tray to avoid 
disturbance when the tray was transported to the deep box. 
The cover was carefully removed after the tray was fitted to 
deep box.
The flume settlement experiment was conducted at two 
different velocities (2.6 cm* sec'1 and 8.6 cm* sec'1) on July 
27 and August 7 and 8, 1992. The low velocity trials were 
at the lower limit of the flume and the high velocity trial 
simulated a high flow condition in the field. For each 
flow, two replications were performed. Meiobenthic copepods 
for settlement were collected from the mudflat and 
surrounding area. Fresh mud from the top 2 cm was scooped 
into buckets and washed through 0.5 mm sieve. An intense 
fiberoptic beam of light was used to attract copepods in 
order to separate them from the large volume of detritus.
For each experiment a total of approximately 50,000 benthic 
copepods were released into the flume although total numbers 
were different between different replications. The copepods 
were released upstream about 3 m from the settlement tray 
with a releasing container.
The flow was keep at a constant velocity for the 
experimental period of 4 hr. Then the tray was covered with 
the plexiglas cover, and carefully removed from the deep
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box. Sediment and water in the vials were evacuated by a 
vacuum pump into a beaker, washed through a 125 jum sieve, 
and meiofauna were rinsed into 100 ml jar. Samples were 
preserved with formalin with Rose Bengal. Only meiobenthic 
copepods were enumerated and identified to species. 
STATISTICAL ANALYSIS
Data were standardized to individuals per square 
centimeter (individuals* cm'1) for each observation in both 
the field and flume studies. Residual analyses for 
normality were performed after data transformation, ln(x+l). 
The result indicated a approximate normality for all data 
analyzed (W>0.96, P>0.2) (Shapiro & Wild, 1965).
A two-way ANOVA was employed for field data analysis.
A split-plot model was adopted with time and depression 
aspect ratio as main effects, and treatment effect 
(depression vs non-depression) as a subplot. Since the non­
depression had no aspect-ratio variation, the main plot was 
ignored. Only subplot effects were analyzed. The Tukey 
multiple comparison test was used to detect time and aspect- 
ratio effects with each of the two treatments (depression vs 
non-depression).
A split-plot model was also adopted with the aspect 
ratio as main plot and the sediment type (preferred vs non­
preferred) as subplot in the flume experiment. A Latin- 
square treatment arrangement was used for aspect-ratio 
effects to separate from row and column effects. The two
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replications of each flow velocity condition served as block 
effects. The Tukey multiple comparison test was also used 
to detect aspect-ratio effects within each treatment- 
sediment type.
RESULTS
FIELD COLONIZATION EXPERIMENT
Of sixty recolonization units, three were destroyed by 
small animals and six did not meet the experimental 
requirement, i.e. the top surface was not flush with ambient 
sediment. During recolonization, sedimentation into the 
depressions from ambient sediment varied among treatments 
and replicates, but the deeper treatments received more 
sediment than shallower treatments. Only nematodes and 
meiobenthic copepods were counted, although polychaete 
larvae and other rare meiofauna were found (in densities too 
low for analysis). Of the copepods, six harpacticoid and 
one cyclopod species were found in the defaunated sediment. 
Two harpacticoids, Cletocamptus deitersi and Scottolana 
canadensis. were dominant comprising 85.7% of total 
abundance of copepods. Halicvclops coulli was also abundant 
in depressions (Table 4.1). These dominant species are 
capable epibenthic swimmers (Sun's pers. obs. and 
Radziejewska unpublished) and are common in emergence and 
sediment traps (McCall, 1992b).
Table 4.1. Dominant copepod species and nematode abundances (mean ± 
standard deviation: individuals-cm'2) from depression, non-depression, 
and ambient sediments from the field colonization study.
Depression Non-Depr. Control
Mean ( ±SD) Mean (±SD) Mean (±SD)
Cletocamptus deitersi 16.7 (10.7) 6.7 (3.6) 23.9 (13.4)
Scottolana canadensis 7.4 (6.1) 2.1 (2.0) 2.4 (1.9)
Pseudostenhelia wellsi 0.3 (0.5) 0.6 (0.8) 2.7 (2.1)
Nannopus palustris 0.5 (1.3) 0.7 (0.9) 2.4 (2.7)
Halicvclops coulli 1.9 (2.5) 0.5 (1.1) 0.1 (0.4)
Total copepod 28.5 (14.3) 9.9 (4.4) 29.3 (16.3)
Total nematode 14.8 (11.1) 21.3 (7.5) 213 .4 (87.6)
ANOVA showed a highly significant difference between 
depression and non-depression areas for total nematodes and 
total copepods, and the two dominant copepod species (Table
4.2). Higher abundance in depressions was found for, C. 
deitersi, S. canadensis. and H. coulli (Tables 4.1 & 4.3).
On the contrary, total nematodes and two harpacticoid 
species, Pseudostenhelia wellsi (a tube-builder) and 
Nannopus palustris (a burrowers) had significantly lower 
densities in depressions. Furthermore, both responses, for 
depression and non-depression, were consistent through the 
main effects. For example, total copepods, C. deitersi. and 
S. canadensis had consistently higher and total nematodes 
had consistently lower abundance in depressions through 
different collection time, aspect-ratio treatments (Figs.
4.2 & 4.3).
Densities of C. deitersi and S. canadensis in 
depressions significantly increased with increasing 
depression aspect ratio (Fig. 4.2 & Table 4.3). The lowest 
aspect-ratio (larger diameter and shallowest depressions:
L10) depressions were lowest in density, while the highest 
aspect-ratio (smaller diameter and deepest: S10) depressions 
had the highest density for both species. The significant 
interactions between treatment (depression vs non­
depression) and aspect ratio was caused by significantly
Table 4.2. Two-way ANOVA results for the treatment (depression vs non­
depression) (TRT) and the interactions of TRT x Time and TRT x aspect-ratio from 
the field colonization experiment. The experiment was conducted as a split-plot 
design with time and aspect-ratio effects as main plot and treatment (depression 
vs non-depression) as subplot (main plot effects were ignored, see statistical 
analysis in methods and materials for details).
Source of 
variation DF F Value
C. S. Total Total
d e i t e r s i c a n a d e n s i s Copepods Nematodes
Time 2 12.01** 14.30** 19.13** 42.36**
Aspect-ratio (ASPTR) 5 0.97 1.31 2.91* 8.98**
Time x ASPTR 10 1. 07 2.57* 0.98 0.99
Error I 33 3.07** 1.78 2.22* 1.19
Treatment (TRT) 1 169.94** 119.59** 328.40** 63.47**
TRT x Time 2 0.14 7.80** 0.88 5.52**
TRT x ASPTR 5 3.67** 4 .34** 8.42** 7.78**
TRT x Time x ASPTR 10 1.75 0.49 0.94 0.91
Error II 33
* P<0.05. ** P<0.01.
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Table 4.3. Tukey multiple comparison of mean density of C. 
d e i t e r s i , S .  c a n a d e n s i s , total copepods, and total nematodes 
for treatment (depression vs non-depression) x time, 
treatment x aspect ratio. For each comparison, means that do 
not share a letter are significantly different from one 
another (P<0.05). Data were transformed by ln(X+l).
C. S . Total Total
Treatments d e i t e r s i  c a n a d e n s i s  Copepods Nematodes
24hr 2 .38a 1.43a 2 .92a 2 .07a
Time 48hr 2.99b 2.31b 3 ,54b 2.77b
72hr 2 .85b 2 ,01b 3 .39b 2 .89b
L3 (0.09) 2 .43a 1.37a 2 .79a 2 . 08a
L6 (0.18) 2.48ab 1.7 5ab 3.06ab 2.23a
Aspect L10 (0.29) 2.66abc 1.95abc 3.32bcd 2 .32a
ratio S3 (0.21) 2.81abc 1.1 9 a . b c 3.24bc 2 .80b
S6 (0.43) 2.90bc 2 .09bc 3.51cd 2 .90b
S10 (0.71) 3 .08c 2 .43c 3 .69d 3.05b
24hr 1 .53a 0 .54a 1.98a 2 .79a
Time 48hr 2 .lib 0 .88a 2 .44b 3 .00a
72hr 2 .lib 1.40b 2.51b 3 .37b
Non- L3* 1.78a 0.94a 2.18a 2 .85a
depr . L6* 2 .01a 1.07a 2 .50a 3 .12a
L10* 1.96a 0 .98a 2 .41a 3 .21a
S3* 1.97a 0.95a 2 .30a 2 .85a
S6* 2.00a 0 .78a 2 .28a 3 .07a
S10* 1.75a 0.83a 2.14a 3.14a
Depr. : depression; Non-depr : Non-depression.
* : non-depression area related to its depression
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Figure 4.2. Mean density (± standard error) at 24, 48, and 72 hr for 
the two dominant species, total copepods, and total nematodes in the 
field colonization experiment, Nond: non-depression; Depr: depression; 
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altered densities in the depressions while consistent 
densities in non-depression areas were observed (Tables 4.2 
& 4.3) .
Nematode colonization of depressions was fundamentally 
different compared to the epibenthic copepods. Tukey 
multiple comparisons indicated a significant diameter effect 
but no density difference was detected among different 
aspect ratios within each depression diameter. For example, 
the densities in the small diameter depression were very 
similar (about 10 individuals- cm2) , as were the densities in 
large diameter depressions (about 20 individuals-cm2) . The 
average density of S3 (20 individuals-cm2) was about twice 
that of L10 (11 individuals-cm2) even though L10 had a 
higher aspect ratio than S3. The average density in the 
smaller diameter depressions was about twice as the large 
diameter (Fig. 4.3). Two copepod species, P. wellsi and N. 
palustris had similar trends although their average 
densities were low.
Time of recolonization had significant effects on all 
meiofauna in depression and non-depression areas. Copepods 
colonized much faster than nematodes. The abundance of S. 
canadensis in depressions exceeded ambient sediment within 
24 hr (Fig. 4.2). For C. deitersi. there were no 
significant differences in abundance between depression and 
ambient sediment within 48 hr (t-test P>0.1).
Recolonization of nematodes was very slow, and the density
was only about one fifth of ambient sediment after 72 hr. 
Non-significant treatment-time interactions for C . deitersi 
and total copepods indicated that the rates of colonization 
between depression and non-depression areas were equal, 
while the significant treatment-time interaction 
demonstrated a different colonization rates between 
depression and non-depression areas (Table 4.2 and Fig.
4.2) .
Comparisons of total abundance among different groups 
and copepod species indicated a functional group response to 
defaunated sediment. There were two patterns (Table 4.1). 
Firstly, epibenthic copepods such as S. canadensis and H. 
coulli. were much higher in mean density in depressions 
compared to ambient (natural) sediment. Further, within 
defaunated sediment, higher abundances were found in 
depressions than non-depression areas. On the other hand, 
burrowers or tube-dwellers such as total nematodes, P. 
wellsi, and N. palustris displayed a much lower density in 
defaunated sediment than ambient sediment and a lower 
density in depressions than non-depressions. C. deitersi was 
intermediate, its mean density in depression areas was 
higher than non-depression areas, but lower than ambient 
areas. Demographic patterns were also evident (Fig. 4.4). 
More males and copepodites of S. canadensis colonized 
defaunated sediment, and more females and gravid females 
were present in ambient sediment for each collection.
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Figure 4.4. Average percentage (± standard error) of 
different sexes and developing stages between (a) ambient 
sediment and (b) azoic sediment for canadensis in the 
field colonization study. MA - male; FM - female; GFM - 
gravid female; COP - copepodite.
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FLUME STUDY
The standing-water preference experiment suggested that 
the algal-enriched (from now on referred to as preferred) 
sediment was clearly preferred over the heat-treated, non­
enriched (non-preferred) sediment. The average abundance of 
three locations in preferred sediment in the replicate 1 and 
2 were 250 and 194 individuals per vial. However only 55 and 
24 were found in non-preferred sediments. The average 
density in preferred sediment was highly significantly 
greater than in non-preferred sediment (P<0.001, t-test).
In the flume experiments, the average flow velocities 
were 2.7 and 2.5 cm- sec'1 in two separate runs at the low 
flow condition and 8.6 and 8.5 cm-sec.'1 under the high flow 
condition. Boundary layers were well developed at both 
velocities (Fig. 4.5). At 1 cm above the bottom, the mean 
velocity increased from 0 to about 1.8 cm-sec"1 under low 
flow while velocity increased from 0 to 6.6 cm-sec'1 under 
high flow. At low flow, shear velocity (u,)(0.2 cm-sec.'1) 
was about three times lower than at the high velocity flow 
(0.6 cm-sec.1). Flow visualization showed that dye entered 
in the upstream wall and came out from the downstream wall 
of the depressions. However, the dye stayed much longer at 
the slower velocity in smaller and deeper depressions than 
during fast flow or in large, shallow depressions.
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Figure 4.5. Vertical distribution of mean velocity between (a) low 
velocity flow and (b) high velocity flow in the flume experiment.
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Two species of meiobenthic copepods, S. canadensis and 
H. coulli. were dominant in all flume experiments. 
Significant differences in settled copepods were found 
between the two runs under same flow condition (Table 4.4). 
This is not surprising because the number of meiofauna 
released in the flume varied between the two runs. Some 
significant column and interaction effects also occurred but 
these effects were not important to the overall 
interpretation.
In non-preferred sediment, the results of ANOVA and 
Tukey multiple comparisons indicated a significant aspect- 
ratio effect on the densities of S. canadensis. H. coulli. 
and total meiobenthic copepods under both low and high flow 
conditions (Tables 4.4 & 4.5). The densities of these 
species, significantly increased with increasing depression 
aspect ratio under both flow conditions (Table 4.5 and Fig. 
4.6). However, in the preferred sediment, the densities of 
the two species and total copepods did not show significant 
differences among different aspect-ratio depressions at the 
low velocity (Table 4.5). Significant density differences 
were found only at the high velocity.
Highly significant differences were detected between 
the paired-sediment types under the low velocity flow (Table 
4.4). S. canadensis. H. coulli, and total copepods were 
higher in density within preferred sediment. The
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Table 4.4. Two-way ANOVA results at two flow conditions for 
the effects of aspect ratio and sediment type in laboratory 
flume experiment. The experiment was conducted as a split- 
plot design. Main plot (aspect ratio) was a latin square 
design with two different runs as block effect; subplot was 
sediment effects (see statistical analysis in methods and 
materials for details).
Source of 
variation DF F Value
S .  H .
c a n a d e n s i s  c o u l l i
Total
Copepods
Slow flow (2.8 cm- s_1)
Runs 1 472 .37** 37.91** 363 .09**
Row(Runs) 6 2 .68 2.60 2 .44
Colum(Runs) 6 3 .40* 2 .27 2.65
Aspect-ratio (ASPTR) 3 12.91** 5 . 05* 13.03**
Error I 15 0.68 0 .96 0 . 65
Sediment (SED) 1 7 0.48** 7 .85** 84.06**
Fast
SED x ASPTR 
Error II
flow (8.6 cm- s"1)
3
28
3.23* 1.79 3.32*
Runs 1 101.18** 16.97** 97 .77**
Row(Runs) 6 0 .43 1.32 0.38
Colum(Runs) 6 1.13 2.63 1.84
Aspect-ratio (ASPTR) 3 4.11* 5.14* 4.27*
Error I 15 2 .09* 2 .32* 2 .63*
Sediment (SED) 1 1.94 1.17 1.74
SED x ASPTR 
Error II
3
28
1.07 1.10 0.56
* P<0.05; ** PcO.Ol.
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average density of copepods in preferred sediment was about 
twice that of non-preferred sediment in adjoining vials 
(Fig. 4.6). However, at high flow velocity, no significant 
difference in density was detected between the paired 
sediment vials of the two species and total copepods. (Table 
4.5 & Fig. 4.7).
DISCUSSION
The field colonization and laboratory flume experiments 
together strongly suggest that settling processes and 
abundance patterns of meiofauna are heavily dependant on 
hydrodynamic regime and life style. The abundance patterns 
of epibenthic copepods in the mimic depressions of the field 
experiment, with variable flow rates, were consistent with a 
passive settlement model. Epibenthic copepods colonized 
rapidly; densities in depressions were much higher (2 to 3 
times) than that in non-depression areas, and overall 
increased with increasing depression aspect ratios. On 
other hand, burrowers, such as nematodes and some burrowing 
or tube-dwelling copepods, were much slower colonizers and 
did not conform to a pure hydrodynamic model of settlement. 
Their densities were related to depression diameter, and 
were lower in depression than non-depression areas. In the 
laboratory flume experiment, abundances of epibenthic 
copepods in mimic depressions indicated that active
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Table 4.5. Tukey multiple comparison of mean S .  c a n a d e n s i s ,  
H .  c o u l l i ,  total copepods for sediment (preferred vs non­
preferred) x aspect ratio in two flow conditions. For each 
comparison, means that do not share a letter are 
significantly different from one another (P<0.05). Data are 
transformed by ln(X+l).
Sediment
Aspect S .  H . Total
ratio c a n a d e n s i s  c o u l l i  Copepods
Slow flow (2.7 cm*s-1)
0.09 (L3) 2 .45a 0 .57a 2 .64a
Preferred 0.29 (L10) 2 .46a 0.57a 2 .66a
sediment 0.21 (S3) 2 .68a 0.69a 3 .00a
0.71 (S10) 2 .79a 0 .87a 3 .04a
0.09 (L3) 1.57a 0 .26a 1 .73a
preferred 0.29 (L10) 2.04bc 0.59ab 2.27bc
sediment 0.21 (S3) 1.74ab 0 .22a 1.98ab
0.71 (S10) 2 ,36c 0 .74b 2 .47c
flow (8.6 cm*s"1)
0.09 (L3) 2 .30a 1.21a 2 .53a
Preferred 0.29 (L10) 2.48ab 1.32a 2.7 8ab
sediment 0.21 (S3) 2.5lab 1.29a 2.8lab
0.71 (S10) 2 .79b 1.75b 3 .00b
0.09 (L3) 2 .15a 1.00a 2 .42a
preferred 0.29 (L10) 2.44ab 1.42b 2 ,77b
sediment 0.21 (S3) 2.58b 1.2 9ab 2 .81b
0.71 (S10) 2.55b 1.75b 2 .82b
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dominant copepods and total copepods in the flume 
experiment, ■: preferred sediment, □: non-preferred 
sediment.
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selection into depressions can occur at low flow velocity. 
Under low flow (2.7 cm* sec'1) , densities in paired, adjacent 
depressions (one containing preferred, one containing non­
preferred sediment) were significantly higher in preferred 
sediment, and no significant aspect-ratio effect was 
observed in depressions with preferred sediment. At high 
velocity (8.6 cm* sec'1) , epibenthic copepods were unable to 
select, and settling abundance conformed to passive 
expectations.
For many years a major issue concerning meiofaunal 
dispersal has been the relative importance of passive and 
active processes in both water column entry and settlement 
process (Palmer, 1988a). Studies have suggested that 
meiofaunal settlement is determined either by mainly passive 
(hydrodynamic control) processes (Eckman, 1979; 1983;
Depatra & Levin, 1989) or by both active and passive 
processes (Kern & Taghon, 1986; Savidge & Taghon, 1988;
Kern, 1990). If an active process is dominant, meiofauna 
should be aggregated and abundant in favorable 
microhabitats. However, if passive settlement is dominant, 
aggregation and increased abundance will occur in 
microhabitats where shear velocity is decreased.
My flume study suggests that the interaction of 
swimming ability of epibenthic meiofauna and shear velocity 
at benthic boundary layer may be the key to determine the 
relative importance of passive and active processes. The
boundary layers were well developed under both flow 
conditions, but the shear velocities at the low velocity 
flow (0.2 cm-sec"1) were three times lower than at the high 
velocity (0.6 cm- sec"1) . The settlement process may include 
both water column reentry and post-settlement movement into 
depressions since the flume running time (4 hr) was long 
enough to allow these process to occur. Both dominant 
species, Scottolana canadensis and Halicvclops coulli. are 
capable epibenthic swimmers (Radziejewska unpublished) and 
are common in emergence and sediment traps (McCall, 1992b). 
At low velocity, these copepods were probably able to cross 
the boundary layer to select the preferred sediment from the 
neighboring depressions with non-preferred sediment or even 
from the local non-depression area. At higher velocities, 
active selection was depressed by increased shear velocity, 
and passive settlement was dominant. Copepods could not 
overcome the shear velocity to select the preferred 
sediment. Furthermore, meiofauna tend to avoid water-column 
entry when high flow was present. Several studies have 
shown that some meiofauna burrow into the sediment with 
increased flow (Rhoads et al., 1977; Crenshaw, 1980; Pamler, 
1984; Pamler & Molloy, 1986).
Previous studies have found strong positive 
associations between harpacticoids and microtopographic 
features (Sun et at., 1993; Reidenauer & Thistle, 1984; 
DePatra & Levin, 1984). Similarly, my field studies showed
that the epibenthic species S. canadensis and C. deitersi 
were much higher in abundance in depression mimic rather 
than non-depression areas and that densities increased with 
increasing aspect ratio. Depression aspect ratio may be an 
excellent predictor of the density of epibenthic species in 
field depressions. On the other hand, meiobenthic burrowers 
such as nematodes were very slow colonizers, reaching only 
one fifth of the ambient abundance even after 72 hr.
Chandler & Fleeger (1983) found a similar result with 
nematode recolonization at the same site. Physical 
characteristics of microtopographic features may be a poor 
predictor of burrower density because they are slow to enter 
the water column (Sibert, 1981), are poor colonizers, and 
because topographic features are ephemeral in the field 
(i.e. < 24 hr). No association has been found between 
burrowers and ephemeral microtopographic features (Sun et 
a l . 1993).
The higher percentage of males and copepodites in 
defaunated sediment may have been due to their more frequent 
water column entry (Kern & Bell, 1986; Huys et al., 1986; 
MaCall & Fleeger, 1992), possibly for mating or feeding 
activity (Decho & Fleeger, 1988; Hicks, 1988; Radziejewska 
unbub.). The alternative explanation may result from 
passive processes. Males and copepodites are much smaller 
than adult females. The swimming ability of males and 
copepodites is less than adult females (Bin Sun's pers.
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obs.)/ and they may therefore be more susceptible to shear 
stress, increasing water column entry. Thistle & Eckman 
(1990) suggested passive erosion is the reason for 
disproportionate losses of males in deep-sea collections.
Meiobenthic burrowers such as nematodes showed no 
hydrodynamic (aspect ratio) effects in settlement in the 
field colonization study, and their densities in depressions 
were related to depression diameter. Water-column transport 
seems unlikely, and the plastic wall of the depressions 
(vials) prevented nematodes from laterally crawling into 
depressions through the defaunated sediment. Densities also 
increased from depressions to surrounding non-depression 
areas to ambient sediment. In other words, there was a 
density gradient from the depression, with lowest density, 
to ambient sediment with highest density (Fig. 4.8). These 
observations may be the result of alternative mode of 
transport into depressions. Dispersal by burrowing 
meiofauna might be due to transport along the interface 
between the water column and sediment. Bed-load transport, 
adopted from geology, is the passive movement of particles 
along the sediment surface (Fig 4.8).
In bed-load transport, dispersal mainly occurs at the 
interface between sediment and water column. Even though 
entry into depressions might be through the interface 
between the water column and sediment, hydrodynamics might 
influence entrainment or emigration of burrowers. After
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nematodes enter depressions, they can burrow deeper into the 
sediment. In fact, Palmer & Molloy (1986) found that 
nematodes migrate downward when flow is present. Otherwise, 
they could be removed from the depression by entrainment due 
to shear stress associated with the low aspect ratio of 
depression. This is different from the passive particle 
movement of sediment in "pure" bed-load transport, and 
suggests that entry and post-settlement behavior are 
alsoimportant factors to predicting densities of meiobenthic 
burrowers in depressions.
Because meiobenthic burrowers disperse into depressions 
through bed-load transport, their abundance in depressions 
was related to the boundary between depression and non­
depression areas. In other words, burrowers must cross the 
boundary of the sediment surface to colonize a depression. 
Increasing in the contact between depression and non­
depression areas increases the opportunity of a burrower to 
enter a depression. Here, contact was a function of 
circumference (27rr, where r is the is radius of a 
depression). On the other hand, the density in a depression 
was inversely proportional to depression area ( n r 2) . 
Therefore, densities in the depression were overall related 
to the ratio of circumference to area (Cir./ Area = 2/r).
If bed-load transport is the mechanism of dispersal in 
burrowers, one would predict that higher Cir./Area ratios 
will lead to higher densities in depressions.
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Figure 4.8. A model of two different modes of transport 
of meiofauna into depressions: borrowers disperse through 
bed-load transport; epibenthic copepods through the 
water-column. 1) depression, 2) azoic sediment in 
depression, 3)azoic sediment in non-depression area, 4) 
ambient sediment, 5) water column.
In this study, the Cir./ Area in the small diameter 
depressions (0.286) was 2.3 times that of the large diameter 
(0.125). Although the distance between the edge of a 
depression and ambient sediment was longer in smaller 
diameter depressions (3.7 cm) than in large ones (4.6 cm), 
the difference was only about 0.9 cm. Distance effect was 
much less than circumference to area ratio effect. This may 
explain why the densities in small diameter depressions (20 
cm"2) were about twice that of larger depressions (10 cm"2) 
regardless of aspect ratio. The effect of bed-load 
transport may be different from purely passive deposition 
and active selection, and could be involved in both 
processes. Disturbance and hydrodynamics remove meiofauna 
from sediment and transport them away. Meanwhile active, 
behavioral responses may be important to their return and 
reentry into the sediment. This interaction of transport 
and behavior has not been documented, and additional studies 
are needed to fully understand these interactions.
In summary, both flume and field experiments suggest 
that the density of epibenthic copepods is significantly 
related to shear stress due to their life style, i.e., 
living at the sediment surface with frequent entry into the 
water column. Their dispersal is mainly through water 
column (Palmer 1988a) and a result is a faster colonization 
and high abundance in depressions. The flume study 
indicates that active selection at small scale distances
ydoes occur when shear velocity is low enough for epibenthic 
copepods to overcome hydrodynamic force. However, this 
ability is overwhelmed by hydrodynamic effects when high 
shear stress presents. My field study also suggests that 
functional groups respond differently to colonization. 
Meiobenthic burrowers, such as nematodes, disperse 
differently from epibenthic copepods, and bed-load transport 
may be dominant. The magnitude of dispersal is much less 
than that of epibenthic copepods. Burrowers also show a 
much slower colonization and lower abundance in depression 
than non-depression areas. Depression size rather than 
hydrodynamic effects is important to determine their 
abundance inside depressions.
CHAPTER 5
SUMMARY AND CONCLUSIONS
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The study of spatial pattern is a very important tool 
to elucidate the relationships between meiofauna and their 
environment simply because of the difficulties in 
individually manipulating sediment-dwelling animals < 1 mm 
in body length. That meiofauna are aggregated at small 
spatial scales is now axiomatic; however, there are still 
questions about the consistency of this small-scale 
patchiness.
In the Chapter 2, I found that significant small-scale 
aggregations were remarkably consistent across different 
seasons and habitats for all abundant harpacticoid copepods. 
By using spatial autocorrelation analysis (Moran's I) and 
correlograms, I found that the abundance of harpacticoids 
autocorrelated significantly at all short distances through 
different sample collecting dates and indicated a consistent 
spatial pattern at all sampling times. Among the 3 
different spatial scales, which were measured in a 
homogenous habitat and analyzed by two-way ANOVA, small- 
scale variation (cm scale) contributed most to the 
components of variance. This suggested that small-scale 
patchiness was overwhelmingly prevalent within the study 
habitat.
The consistent character of small-scale patchiness 
through various temporal and spatial scales shed light on 
the factors that create the small-scale spatial pattern. In 
other words, the factors which cause the spatial pattern are
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likely be these that act constantly, rather than those that 
have strong seasonal variations.
In Chapter 3, direct comparison between sediment 
microtopography and distribution of chlorophyll-a (Chl-a) 
and meiofauna indicated a statistically significant 
correlation between microtopography and meiofaunal
I!
patchiness and abundance. Using image analysis, higher 
abundances (by a factor of two) of epibenthic copepods were 
found in depressions compared to non-depression areas. 
Furthermore, larger patch sizes were found in deeper and 
larger depressions. No effect of topography was found for 
either Chl-a or the burrowing nematodes. Regular sediment 
topographic features, such as feeding pits and burrows, and 
irregular sediment topographic features equally affected 
harpacticoid distribution. Irregular topographic features 
are very common, and probably play a greater role in 
regulating meiofaunal abundance. Microtopographic features 
were also very dynamic and their longevities were less than 
24 hr, implying that aggregation of harpacticoids were also 
dynamic and probably had a similar longevity.
In most cases, the effect of microtopography on the 
spatial pattern of meiofauna, especially epibenthic species, 
is accompanied by hydrodynamic interactions. Entry into 
depressions may be by active or passive settlement by 
meiofauna that have dispersed into the water column. My 
study found that active behavioral responses (habitat
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selection) of epibenthic copepods played a major role in 
settlement into depressions under low flow conditions, but 
under high velocity, active selection was overwhelmed by 
passive processes (Chapter 4). The interactions between 
copepod characteristics (behavioral response to flow, 
swimming ability, and life style) and shear velocity in the 
benthic boundary layer may be the key to determine relative 
importance of the two processes.
In the field, the settlement of epibenthic meiofauna 
was mainly though water-column transport. Their aggregation 
in depressions was mainly the result of the hydrodynamic 
regime where meiofauna collected as if they were passive 
particles. However, another functional group, burrowers 
(for example, nematodes), followed a different pathway of 
entry into depressions —  bed-load transport —  a new way of 
transporting meiofauna along the interface between the 
water-column and the sediment surface. The densities of 
this group of meiofauna in depressions were mainly 
determined by depression circumference : area ratio as well 
as the distance between the depression and source of 
meiofauna. This new finding is significant to interpret 
meiofauna distribution because burrowers like nematodes are 
the most abundant group of meiofauna.
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